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ABSTRACT
Anderson, Nickolas H. Ph.D., Purdue University, May 2016. Controlling Electronics for
the Formation of High Valent Uranium Imido Complexes. Major Professor: Suzanne C.
Bart.

Known primarily for its single electron chemistry, controlling the electronics at
uranium to facilitate multi-electron processes remains a fundamental challenge in the
actinide sciences. Our group has implemented the use of redox-active ligands to assist in
the stabilization of low-valent uranium analogues, capable of performing multi-electron
chemistry at a single uranium center. Of particular interest to our group are high-valent
imido complexes, which are ubiquitous in organometallic and coordination chemistry due
to their unique bonding properties and their ability to mediate bond-forming reactions.
Uranium imido complexes, in particular, are the subject of much research to determine the
degree of f-orbital involvement in the uranium-nitrogen multiple bonds. Thus, the
formation of an unprecedented uranium tris(imido) species via multi-electron redox
chemistry mediated by redox-active ligands as well as its bonding properties will be
discussed. Additionally, the synthesis and characterization of other novel uranium imido
species absent of redox active ligands will be presented, along with investigations of the
reactive intermediates in solution. Finally, the reactivity of these novel tris(imido)
complexes towards a variety of small molecules and organic substrates will be highlighted.

1

CHAPTER 1: SYNTHESIS AND CHARACTERIZATION OF (MESPDIME)-U
COMPLEXES

1.1 Introduction
Since the early 1940’s, there has been a large effort towards expanding our
knowledge of the f-block metals, with particular interest in uranium, the heaviest naturally
occurring element. Much of the developmental work on uranium occurred during the
Manhattan Project in the early to mid-1940’s and was focused on methods for separating
the fissionable material from the bulk product. Due to the intense mining of natural uranium
for this fissionable isotope (235U), there is an abundance of depleted uranium (238U)
available, that goes unused and is often deemed a waste by-product of this isotope
separation. In naturally occurring uranium, the primary isotope 238U (alpha emitter, halflife ~ 4.5 billion years), has approximately 0.7% 235U, which is used for its nuclear capacity,
is a much more active alpha emitter, with a half-life ~ 700 million years and is the isotope
used in nuclear fission projects. However, for the purposes of research, depleted uranium
is far less active, with a reduced 235U concentration (0.2 %), making the material quite safe
and can be easily used under normal laboratory conditions. Finding uses for this relatively
abundant and inexpensive f-block element has been of particular interest to many chemists,
with particular focus leaning towards determining methods for its separation from other
Parts of this work have been recreated from; Nature Chemistry, 2014, 6, 919. and J. Am.
Chem. Soc., 2015, 54, 9386.
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nuclear waste components. This however has not stopped the ever present negative public
opinion of uranium, which has stifled its development as a viable metal for use in catalysis.
From the point of view of a chemist however, uranium is truly a “one of a kind”
element for study, given the ability of its 5f orbitals to participate in bonding. Due primarily
to relativistic effects, which greatly contracts the electronic shells of heavier atoms, the 4f
orbitals of the lanthanides behave much more “core like”, truncated behind the filled 5s
shell. Unlike its lanthanide counterparts, however, the radial extent of the uranium 5f
orbitals manages to extend into the valence regime, and participate in bonding. Even more
unique when compared to the other early actinides, uranium is the only naturally occurring
element for which to study the effects of f-orbital binding, as actinium, thorium and
protactinium are characterized as having lower lying 6d orbitals, that contribute primarily
to the bonding.1 This allows us as uranium chemists a unique opportunity to study the
ability of the f-orbitals to participate in bonding.
Uranium is also quite a versatile element, with stable oxidation states of +3, +4, +5,
and +6, with relatively small energy barriers between these redox states. As a result of this,
uranium has a high propensity to undergo single electron redox processes given the low
barrier between these oxidation states, much like a first row transition metal. The U(IV)
(5f 2) and U(VI) (5f 0) redox states are often found to be most stable/abundant, with U(III)
and U(V) complexes often undergoing disproportionation to achieve these 5f 2 and 5f 0
states. The U(VI) ion is by and large the most common oxidation state, with the linear
UO22+ ion is one of the most stable and prevalent uranium constructs. Due to its propensity
for single electron chemistry, there is little knowledge of molecular uranium performing
typical two-electron organometallic transformations, such as oxidative addition and

3
reductive elimination. In most cases, two electron processes seen at uranium occur between
multiple metal centers, resulting in multiple products.2,3
While traditional, metal-mediated organometallic and small molecule activation
reactions involve redox processes at the metal center, these reactions can also occur via
cooperative ligand and metal redox events. In order to overcome the single electron
chemistry of the early transition metals, many chemists have employed the use of redoxactive/redox non-innocent ligands. These types of ligands, which typically bear a low lying
ʌ*-orbital, are capable of reversibly accepting and providing electrons during a chemical
transformation. This versatility has caused a recent explosion of research4-7 as such ligand
frameworks facilitate previously unobtainable8 or unobserved reactivity.9 An advantage of
these scaffolds includes their ability to store electrons, allowing stabilization of formally
low-valent metal species that would otherwise be in-isolable, as metal oxidation states are
decreased.10 Redox non-innocent ligands have proven to be useful tools in organometallic
and inorganic chemistry, due to their mediation of multi-electron processes for metal
complexes where such processes could not otherwise occur.4-7,11-13 Ligand based redox
events can sometimes result in “ambiguous” oxidation states at metal centers, as initially
articulated by JØrgensen.14 Thus, ligand non-innocence can lead to unusual bonding and
electronic structures, in which traditional electronic descriptions fail to accurately describe
the metal–ligand interaction. The development of advanced spectroscopic techniques and
computational methodologies has improved our ability to characterize complicated
interactions between non-innocent ligands and metals. Often times, no single technique can
definitively determine electronic structures of complexes containing ligands that engage in
redox chemistry, but combining multiple techniques provides a compelling body of
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evidence for electronic configuration assignments in these systems. When such data
support redox events occurring at both the metal and ligand, the term “redox-active” is
most appropriate to describe the ligands.6
At the time of this work, there were very few examples of uranium-RAL complexes
seen in the literature, which often included non-classical examples of redox active ligands.
One such example of an early U-redox active ligand complex, found in the work of
Cummins and coworkers, with the formation of an inverted sandwich complex
(NRAr)2U(C7H8)U(NRAr)2 (R = tBu, Ad, Ar = 3,5-C6H3Me2)15. The synthesis of these
complexes was shortly followed by the formation of the isoelectronic complex
Cp*2U(C6H6)UCp*2, reported by the Evans group.16 Both classes of complexes are
characterized by a number of methods to characterize the bridging aryl species to bear a
di-anionic arene stabilized through į-bonding motif with the two U(III) centers. In a more
classical example of RAL uranium complex, Andersen and coworkers were able to
synthesize an analogous U(III) complex bearing a monoanionic bipyridine ligand,
Cp*2U(bpy)-/·.17 This was later followed by the synthesis of Tp*2U(bpy)-/· by this group,18
which showed the analogous ligand radical-anion configuration. In all of the above cases,
cursory analysis of these complexes would suggest the formation of a divalent uranium
center, however each complex is found to be composed of a trivalent uranium (III) center
bound by a singly or doubly reduced ligand.
Work in the isolation of U(IV)-redox-active ligand complexes comes from the
seminal work of this group, with the formation of

Cp*2U(MesDABMe) and

(MesDABMe)2U(THF) complexes (MesDABMe = ArN=C(Me)C(Me)=NAr, Ar = 2,4,6trimethylphenyl).19 Each MesDABMe ligand is seen to be reduced to the singlet MesDABMe-2
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dianion and the uranium center in each case is found to be in the 4+ oxidation state.
Confirmation of the U(IV) nature of these complexes was accomplished through a number
of methods including SQUID magnetometry, X-ray and electronic absorption
spectroscopies, as well as X-ray crystallography and computational chemistry.20 Later
work in our group has seen the formation of a series of uranium complexes bearing the
imino-quinone ligand (RIQ) (R = adamantyl, 2,6-diisopropylphenyl) in both of its reduced
forms; the singly reduced imino-semi-quinone radical (ISQ-1), and the dianionic amidophenolate (AP-2) states.21,22 When bound to the uranium center however this ligand would
only act as a one electron source, never oxidizing to the imino quinone state.
With these redox-active ligand-U constructs in hand, we sought to expand this
chemistry towards other redox-active ligand complexes capable of storing >2 electrons on
the ligand backbone. One such ligand class that has gained popularity in recent years is the
2,6-pyridine(diimine) ligand, RPDIR’ (RPDIR’ = 2,6-(R-N=CR’)2C5H3N), in part due to its
utility in the generation of highly active iron and cobalt catalysts for olefin
polymerization.23,24 Since this important discovery, the pyridine(diimine) family has
supported a variety of metals that mediate organometallic processes, including but not
limited to olefin hydrogenation25 (asymmetric26,27), ester hydrogenation,28 olefin and
ketone

hydrosilylation,29-32

cyclizations,37

lactide

olefin

hydroboration,33,34

polymerization,38

aldol

cyclizations,35-37

reactions,39

and

reductive

formic

acid

dehydrogenation.40 Complementing some of these synthetic studies are investigations of
redox chemistry of the pyridine(diimine) metal complexes, which aim to determine their
electronic structures and the role of ligand non-innocence plays in the observed
chemistry.10,35,41-56 Combining spectroscopic, crystallographic, and computational
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techniques have shown that in many cases, especially for first row transition metals, rather
than a low-valent metal center supported by a neutral pyridine(diimine) ligand, a more
appropriate description is of an oxidized metal center supported by a reduced chelate.
Further, the electrons stored in the ligand framework are highly delocalized throughout the
pyridine(diimine) plane.
The utility of pyridine(diimine) ligands in stabilizing transition metal species
prompted an investigation to determine if the pyridine(diimine) framework could similarly
act as a vehicle to support electron-rich uranium species. Using the redox-active ligand to
store electron away from the metal center allows the uranium center to stay in the preferred
U(IV) redox state. Some initial work from our group has demonstrated the feasibility of
this postulate with the synthesis of the cyclopentadienyl uranium MesPDIMe series (MesPDIMe
= 2,6-(2,4,6-Me3-C6H2-N=CMe)2C5H3N), Cp*UI2(MesPDIMe), Cp*UI(MesPDIMe), and
Cp*U(MesPDIMe)(THF) (Cp* = K5-C5Me5), whose members feature uranium(IV) centers
ligated by reduced ligands [MesPDIMe]·/–, [MesPDIMe]2-, [MesPDIMe]3-, respectively.57 The
extent of ligand reduction was confirmed by examining intra-ligand and ligand-metal
metrical parameters as determined by X-ray crystallography. The work herein was
performed concurrently and in a complimentary fashion to the aforementioned study,
focusing on the formation of U-MePDIMes complexes absent the sterically bulky
cyclopentadienyl ligand scaffold.
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1.2 Experimental
General Considerations All air- and moisture-sensitive manipulations were performed by
using standard Schlenk techniques or in an MBraun inert atmosphere drybox with an
atmosphere of purified nitrogen. The MBraun drybox was equipped with a coldwell
designed for freezing samples in liquid nitrogen as well as two -35 °C freezers for cooling
samples and crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated by using literature procedures.58 Benzene-d6 was purchased from Cambridge
Isotope Laboratories, dried with molecular sieves and sodium, and degassed by 3 freeze–
pump–thaw cycles.

Mes

PDIMe,23 potassium graphite,59 and UI3(THF)460 were prepared

according to literature procedures.
1

H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at

299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H
(residual) chemical shifts of the solvent as a secondary standard. The spectra for
paramagnetic molecules were obtained by using an acquisition time of 0.5, thus the peak
widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR data are
reported with the chemical shift, followed by the peak width at half height in hertz, the
integration value, and where possible, the peak assignment. All voltammetric data were
obtained under inert atmosphere conditions using external electrical ports of the MBraun
inert drybox. All data were obtained using a Gamry Instruments Interface 1000 model
potentiostat using the Gamry Instruments Laboratory software on a Windows 7 model
laptop. All samples were collected in either THF or fluorobenzene with 0.2 M [Bu4N][PF6]
or [Bu4N][B(ArF5)4] supporting electrolyte concentration and a variable (1-20 mM)
concentration of substrate. Typical data were collected using internal resistance
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compensation of approximately 1000 ohm (~80-90 % solution resistance). Solutions were
analyzed in 4 dram cells, consisting of a 3 mm glassy carbon working electrode, a Pt wire
counter electrode, and a Ag wire quasi-reference electrode. When applicable, potential
corrections were performed at the end of the experiment using the Fc0/+ couple as the
internal standard. Solid-state magnetic moments were collected using a Quantum Design
Multi-Property Measurement System (MPMS-7) from 2–300 K at 2 T and at 2 K from 0–
7 T. Gelatin capsules were used to hold the samples for measurement. Prior to loading
samples, the capsules were pre-treated for 48 h with hexamethyldisilazane vapor followed
by drying under dynamic vacuum at 100 ºC for 24 h. Capsules prepared in this manner
were tested using dilute THF solutions of potassium-benzophenone indicator without loss
of color, indicating the capsules were thoroughly dried. The samples were massed to the
nearest 0.1 mg in an inert atmosphere (N2) drybox using a calibrated and leveled MettlerToledo AL-204 analytical balance. The samples, contained in the closed gelatin capsules
and enclosed in drinking straws for measurement, were transferred to the MPMS under
inert atmosphere and immediately loaded into the inert atmosphere of the measurement
chamber with three evacuation/purge cycles. Corrections for the intrinsic diamagnetism of
the samples were made using Pascal’s constants.61 Electronic absorption measurements
were recorded at 294 K in THF in sealed 1 cm quartz cuvettes with data collection being
performed on a Jasco V-6700 spectrophotometer.
U L3-Edge XAFS Measurements. Samples of U(N(SiMe3)2)3,62 UI3(THF)4,60
(PPh4)2UCl6,63 Cs2UO2Cl4,64 and 1 – 465 were synthesized as previously described. For the
U L3-edge X-ray measurements samples were prepared under an argon atmosphere. The
samples were diluted with boron nitride (BN), which was dried at elevated temperature
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(200 °C) under vacuum (10-3 Torr) for 48 h prior to use. A mixture of the analyte and BN
were weighed out, such that the edge jump for the absorbing atom was calculated to be at
1 absorption length in transmission (~8 mg of sample and 65 mg of BN). Samples were
loaded into nested aluminum sample holders equipped with Kapton windows. One set of
windows was glued on, and one set was sealed with indium wire. Under argon atmospheres,
the samples were sealed in mylar bags, brought out of the glovebox, and shipped to SSRL.
Once unpackaged, the samples were immediately attached to the coldfinger of a liquid N2
cryostat and quickly evacuated (10-5 Torr). The cryostat was attached to the beamline 112 XAFS rail (SSRL), which was equipped with three ionization chambers through which
argon or nitrogen gas was continually flowed. One chamber was positioned before the
cryostat to monitor the incident radiation (I0; nitrogen). The second chamber was
positioned after the cryostat so that sample transmission (I1; argon) could be evaluated
against I0 and so that the absorption coefficient (P) could be calculated as ln(I0/I1). The
third chamber (I2; argon) was positioned downstream from I1 so that the XANES of a
calibration foil could be measured against I1. Samples were calibrated in-situ to the energy
of the first inflection point of the K-edge of an yttrium foil (17038.04 eV).
The X-ray absorption near edge spectra (XANES) and were measured at the
Stanford Synchrotron Radiation Lightsource (SSRL), under dedicated operating conditions
(3.0 GeV, 5%, 500 mA using continuous topoff injections) on end station 11-2. This
beamline, which was equipped with a 26-pole, 2.0 tesla wiggler, utilized a liquid nitrogencooled double-crystal Si[220] monochromator and employed collimating and focusing
mirrors. A single energy was selected from the white beam with a liquid-N2-cooled double-
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crystal monochromator utilizing Si[220] (ĳ = 0) crystals. Harmonic rejection was achieved
by detuning the second crystal of the monochrometer by 70% at 7000 eV. The horizontal
and vertical slit sizes were 2.5 and 1 mm, respectively.
Computational Details. DFT66 calculations were carried out with the ADF 2013 package67
while employing the scalar-relativistic Zeroth order regular approximation (ZORA)68,69
with all-electron Slater type basis sets of triple-ȗ quality with two polarization functions
(TZ2P). This combination of basis set and the scalar-relativistic approximation has been
shown to provide accurate descriptions70-73 of the structural, bonding, electronic and
magnetic properties of actinide species when employed with appropriate functionals within
the Kohn-Sham density functional theory (DFT)66 formalism. To determine the electronic
ground states of the 4 and 3, single point calculations with the PBE74,75, M06-L76,77 and
PBE074,75 density functionals were performed at the experimental structures obtained from
X-ray crystallographic experiments. The relative energies of the nonet, septet, quintet,
triplet, restricted singlet and broken-symmetry singlet states were calculated for both
complexes. In addition to this, the geometries of 1, 2, 3, and 4 were all optimized at the
PBE/ZORA/STO-TZ2P level. This notation describes the density functional, scalarrelativistic approximation as well as the type and quality of the basis sets employed in the
calculations. The geometry optimizations were carried out without any symmetry
constraints. An integration parameter of 6.0 was employed for all the calculations.
Geometry optimizations were followed by vibrational frequency analyses using the
harmonic approximation. The vibrational frequency calculations were used to determine
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the nature of the optimized structures on the corresponding potential energy surfaces. In all
cases, the calculations were continued until tight geometry optimization (Energy: 1×10-4
Hartrees and 1×10-3 Hartree/ǖ) and energy convergence criteria were attained.
Oxidation and Reduction Chemistry. Oxidation reactions were performed using 50 mg
of the starting complex in THF. To this was added the appropriate amount of a 0.5 M
solution of I2 in THF or via the addition of solid CuI to the stirring solution. Following a
30-minute reaction period, the solvent was removed in vacuo and the remaining solid
analyzed by

1

H NMR spectroscopy and compared to the reported spectra.

Comproportionation reactions were performed via the combination of equimolar solutions
of the chosen complexes in THF. Following a 30-minute reaction period, the solvent was
removed in vacuo and the solid product analyzed by 1H NMR spectroscopy.
Crystallization of

Mes

PDIMe. Single crystals of

Mes

PDIMe, suitable for analysis by X-ray

crystallography, were grown from a concentrated toluene/pentane solution at -34 ºC. Data
for MesPDIMe are displayed in Figure 1 and Table 1.
Preparation of (MesPDIMe)UI3(THF) (1). A 20 mL scintillation vial was charged with
UI3(THF)4 (0.250 g, 0.275 mmol) and a single equivalent of

Mes

PDIMe (0.110 g 0.275

mmol). The two solids were dissolved in toluene and the contents were stirred for 30
minutes. Following such time, the volatiles were removed in vacuo, leaving the product
(MesPDIMe)UI3(THF) (1) as a light brown powdery solid. (Yield; 0.275 g, 0.256 mmol,
91%). Further purification of 1 can be accomplished by recrystallization from a
concentrated toluene/pentane solution at -34 ºC. 1H NMR (300 MHz, C6D6) į = -15.86
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(287, 4H), -5.82 (67,12H), -1.13 (7, 6H), 0.51 (8, 6H), 0.85 (91, 2H), 2.51 (385, 4H), 5.61
(89, 1H); analysis (calcd; found for C31H39N3I3UO): C (34.21, 34.19), H (3.61, 3.66), N
(3.86, 3.85).
Preparation of (MesPDIMe)UI2(THF)2 (2). A 20 mL scintillation vial was charged with 1
(0.100 g, 0.093 mmol) and approximately 10 mL of THF. To this solution was added two
equivalents of KC8 (0.024 g, 0.186 mmol) while stirring and allowed to react for an
additional 16 hours. The dark brown solution was filtered through Celite and the solvent
removed in vacuo, leaving a black powdery solid that was identified as
(MesPDIMe)UI2(THF)2 (2), in quantitative yields. Further purification of 2 could be
accomplished by recrystallization from a concentrated ether/pentane solution.1H NMR
(300 MHz, C6D6) į = -22.3 (16, 12H, o-CH3), -2.64 (7, 6H, imine-CH3), -2.53 (10, 4H, ArCH), 4.01 (20, 1H, p-pyr-CH) 4.24 (11, 6H, p-CH3), 5.09 (225, 8H, THF-CH2), 9.67 (405,
8H, THF-CH2), 24.94 (18, 2H, m-pyr-CH); analysis (calcd., found for C35H47N3I2UO2): C
(40.67, 40.60), H (4.58, 4.73), N (4.07, 4.18).
Alternative preparation of 2. A 20 mL scintillation vial was charged with UI3(THF)4
(0.250 g, 0.275 mmol) and MesPDIMe (0.110 g, 0.275 mmol). The two solids were dissolved
in toluene (~10 mL) and stirred for 5 minutes. To this brown solution was added 2
equivalents of KC8 (0.075 g, 0.555 mmol) and the solution was stirred an additional 3
hours. Following filtration and removal of excess solvent, the dark brown powder, 2, could
be isolated in good yields. (Yield; 0.235 g, 0.227 mmol, 82%) Confirmation for the
formation of 2 was accomplished by 1H NMR spectroscopy.
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Preparation of [(MesPDIMe)UI]2 (3). A 20 mL scintillation vial was charged with 2 (0.100
g, 0.096 mmol), which was dissolved in approximately 10 mL of toluene. To this stirring
solution was added a single equivalent of KC8 (0.012 g, 0.096 mmol), followed by a 16
hour reaction period. The dark brown solution was filtered through a plug of Celite and
volatiles were removed in vacuo, leaving a shiny black powder identified as
[(MesPDIMe)UI]2, (3), in quantitative yield. Further purification of 3 could be accomplished
by recrystallization from a concentrated ether/pentane solution. 1H NMR (300 MHz, C6D6)
į = -8.07 (17, 3H), -5.94 (16, 3H), -5.13 (17, 3H), 6.39 (12, 3H), 7.86 (10, 3H), 9.58 (12,
3H), 11.13 (10, 1H), 12.44 (10, 1H), 14.37 (14, 1H), 15.46 (8, 1H), 21.74 (12, 1H), 24.11
(24, 1H), 40.27 (11, 3H), 80.41 (19, 3H); analysis (calcd., found for C54H62N6I2U) : C
(42.53, 42.43), H (4.10, 4.21), N (5.51, 5.48).
Alternative preparation of 3. A 20 mL scintillation vial was charged with UI3(THF)4
(0.250 g, 0.275 mmol) and

Mes

PDIMe (0.110 g, 0.275 mmol). The two solids were dissolved

in toluene (~10 mL) and stirred for 5 minutes. To this brown solution was added three
equivalents of KC8 (0.093 g, 0.699 mmol) and stirred for 16 hours. Following filtration and
removal of excess solvent, the dark brown powder, 3, could be collected in fair yields.
(Yield; 0.185 mg, 0.121 mmol, 88%) Confirmation for the formation of 3 was
accomplished by 1H NMR spectroscopy.
Preparation of [(MesPDIMe)U(THF)]2 (4). A 20 mL scintillation vial was charged with 3
(0.100 g, 0.065 mmol), which was dissolved in approximately 10 mL of toluene. To this
stirring solution was added a single equivalent of KC8 (0.009 g, 0.065 mmol), and the
solution was left stirring for an additional 16 hours. The dark brown solution was filtered
through a plug of Celite and the excess volatiles were removed in vacuo, leaving a shiny
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black powder identified as [(MesPDIMe)U(THF)]2 (4) in quantitative yields. Further
purification of 4 was accomplished by washing with pentane. 1H NMR (300 MHz, C6D6)
į = -31.81 (18, 4H, THF-OCH2), -15.75 (15, 4H, THF-CH2), -7.50 (21, 1H, p-Ar-H), -2.67
(14, 6H), 0.85 (8, 6H), 1.90 (9, 2H), 2.79 (8, 2H), 9.37 (8, 2H), 19.63 (16, 6H), 23.19 (11,
6H); analysis (calcd., found for C62H77N6U2O2): C (52.61, 52.33), H (5.55, 5.44), N (5.98,
5.84).
Alternative preparation of [(MesPDIMe)U(THF)]2 (4) . A 20 mL scintillation vial was
charged with UI3(THF)4 (0.250 g, 0.275 mmol) and MesPDIMe (0.110 g, 0.275 mmol). The
two solids were dissolved in THF (~10 mL) and allowed to stir for 5 minutes. To this blue
solution was added four equivalents of KC8 (0.150 g, 1.11 mmol), and the solution was
stirred vigorously for 16 hours. The resulting dark brown solution was then filtered through
a plug of Celite and excess solvents were removed in vacuo, leaving a shiny black powder
identified as 4 in good yields (0.180 mg, 0.254 mmol, 92.5%) Confirmation for the
formation of 4 was accomplished by 1H NMR spectroscopy.
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1.3 Results and Discussion

1.3.1 Synthesis and Characterization of U-(MesPDIMe) Complexes
Initial synthetic experiments were aimed at generating a series of reduced uranium
species that exploit the possibility of varying the degree of reduction of the
pyridine(diimine) ligand,

Mes

PDIMe. However, for comparative reasons, we start this

discussion with analysis of crystals of MesPDIMe grown from a concentrated toluene/pentane
mixture and analyzed by X-ray diffraction spectroscopy (Figure 1.1, Table 1.1). The
neutral/metal free moiety is of particular interest to this study, as the analysis of the of
C=Nimine and Cimine-Cpyr bond distances are a common metric for determining the degree of
reduction, as these bonds are the most altered during the course of electron occupation.
Bond distances of 1.277(3) and 1.276(3) Å for N1-C2 and N3-C8, respectively, are
indicative of a imine double bond interaction, while C-C bond distances of 1.495(3) and
1.494(3) Å for C2-C3 and C7-C8 respectively, are indicative of a single bond character.
These metrical parameters will serve as the baseline for comparison for the synthesized
uranium complexes.
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Figure 1.1 Molecular structure of MesPDIMe with ellipsoids shown at 30% probability.
Hydrogen atoms have been omitted for clarity

To begin our investigation into the formation of the

Mes

PDIMe-U complexes,

addition of a single equivalent of MesPDIMe to a toluene solution of UI3(THF)4 resulted in
an immediate color change from dark blue to brown. Removal of solvent in vacuo and
recrystallization from a concentrated toluene solution afforded a dark brown powder
characterized as (MesPDIMe)UI3(THF) (1) in high yield (91%) (Scheme 1). Analysis of 1 by
1

H NMR displayed a highly broadened spectrum with seven resonances ranging from -16

to 6 ppm. Only signals belonging to the MesPDIMe could be identified in the spectrum. Two
resonances, integrating to 6 H each located at -1.13 and 0.51 ppm are assigned to the imineand p-ArCH3 groups of the MesPDIMe ligand. A large signal at -5.82 ppm, integrating to 12
H, could be identified as the o-ArCH3 groups, while a smaller 4 H resonance found at 15.86 ppm is assigned to the Ar-H protons on the ligand backbone. The last two signals,
found at 0.85 and 5.61 ppm, were identified as the m-Ar-H and p-Ar-H protons of the
pyridine ring.
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In order to determine the molecular structure of 1, single crystals were grown form
a concentrated toluene solution at -34 ºC and analyzed by X-ray diffraction. Refinement of
the data confirmed the identity of 1 as a pseudo pentagonal bipyramidal uranium center
bound by a single

Mes

PDIMe ligand, three iodines, and a single THF solvent molecule

(Figure 1.2). Unfortunately, due to the error in the U-N, C-C, and C-N bond distances, the
degree of ligand reduction could not be analyzed by crystallography. Using charge balance
considerations, 1 is thought to exist in one of two electronic configurations, either the
neutral (MesPDIMe) ligand bound to a U(III) center or a mono-anionic (MesPDIMe)-/· ligand
bound to a U(IV) center. To gain initial insight into the true oxidation state of the uranium
center in 1, analysis by EPR spectroscopy was employed. Indeed, ligand radical character
could be confirmed by EPR spectroscopy, displaying a room temperature signal at g =
2.0016. This ligand based radical character is thought to arise from a metal to ligand charge
transfer (MLCT) upon coordination. This ligand based reduction is not unexpected
however, given the relative stability of the U(IV) oxidation state over that of U(III). To
probe further, comparisons of the free reduction potentials of the ligand and the metal were
analyzed. Literature precedent dictates typical U(III)/U(IV) redox couples ranging between
approximately -2.5 and -1.8 V vs Fc0/+,78 for complexes that bearing cyclopentadienyl (Cp)
type ligands. Kiplinger and coworkers found, however, that the redox couple for UI3(THF)4
is substantially moved to higher potential at -0.67 V vs Fc0/+,79 as the electron withdrawing
iodine ligands substantially stabilize the U(III) oxidation state. Our analysis of the free
Mes

PDIMe ligand, however, shows a pseudo reversible reduction couple at -2.57 V v.s. Fc0/+.
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This substantial difference in in redox couples would suggest that the UI3(THF)4 starting
material is not sufficiently reducing to afford the MLCT that is seen in the formation of 1,
suggesting significant overlap of the ʌ* orbitals with uranium based orbitals to allow for
the ligand based reduction (vida infra).

Scheme 1.1 Synthesis of complexes 1 - 4. Nitrogens in blue are denoted as being neutral
while nitrogens in red are denoted as being anionic in nature.

Reduction of complex 1 could be accomplished via addition of a single equivalent
of KC8 to a stirring THF solution of 1. Following a short workup, a black solid identified
as (MesPDIMe)UI2(THF)2 (2) could be isolated in 82% yield (Scheme 1.1). Analysis of 2 by
1

H NMR spectroscopy revealed a paramagnetic species with six sharp resonances ranging

from -23 to 25 ppm. Signals at -22.6 ppm, -2.53 ppm, and 4.24 ppm correspond to o-CH3,
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m-Ar-H, and p-CH3 of the mesityl arms of the MesPDIMe ligand, respectively. The signal for
the imine-CH3 signal is found at -2.64 ppm and resonances for the pyridine Ar-H’s can be
found at 4.01 and 24.94 ppm, integrating to 1H and 2H respectively. The high degree of
symmetry observed in the 1H NMR spectrum of 2 suggests C2v symmetry in solution, with
two vertical mirror planes bisecting the ligand backbone both within and perpendicular to
the plane of the pyridine ring.
The molecular structure and extent of ligand reduction in 2 was confirmed by Xray diffraction analysis of black crystals grown at -35q C from a concentrated THF/pentane
solution (Figure 1.2). Refinement of the data reveals another pseudo pentagonal
bipyramidal uranium center bound by a single MesPDIMe ligand, two iodines, and two THF
solvent molecules. As was the case in the 1H NMR spectrum, the molecular structure of 2
is C2v symmetric, relating one half of the MesPDIMe ligand to the other. Because the U-N
bond distances for

Mes

PDIMe change in bond character from dative (2.5-2.6 %) to anionic

(2.3-2.4 %) based on their electron occupation, they are an accurate gauge for ligand-based
reduction. The U-Npyr distance in 2 of 2.324(9) % is consistent with an anionic formulation,
indicating anionic character to the U-N bond, whereas the longer U-Nimine bond of 2.493(7)
% is intermediate distance of a dative and anionic bond due to the contribution of neutral
and anionic resonance structures. The U-N distances in 2 are shorter than the dative
interactions observed for the neutral ligand in Cp*U(MesPDIMe)(NPh)2 (2.578(5), 2.537(5),
and 2.606(5) Å),80 supporting ligand reduction. Comparison of intraligand structural
parameters for 2 with those established for reduced pyridine(diimine) ligands and free
Mes

PDIMe establish 2 as containing a dianionic [MesPDIMe]2- ligand and uranium(IV) center
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with elongation of the C-Nimine bond and contraction of the C-Cimine bonds, with distances
of 1.369(11) Å and 1.400(14) Å respectively (Table 1.1).10,56,57,80-82 Thus addition of KC8
is suggested to result in the reduction of the MesPDIMe ligand rather than the uranium center.

Figure 1.2 Molecular structures of 1 (left) and 2 (right) depicted at 30% ellipsoids.
Hydrogen atoms, outer sphere solvents and other non-identical molecules have been
omitted for clarity.

Reduction of 2 could be accomplished by the addition of one equivalent of KC8 to
a stirring solution of 2 in THF, resulting in a slight darkening of the solution. Following a
short work-up a black powdery solid was recovered and identified as [(MesPDIMe)UI]2 (3)
(yield 99%) (Scheme 1.1). Analysis of 3 by 1H NMR spectroscopy revealed a paramagnetic
species with low solution symmetry, displaying eight distinct resonances for the ligand
methyl substituent’s found at -8.07, -5.94, -5.13, 6.39, 7.86, 9.58, 40.27, and 80.41 ppm
integrating to 3H each. Seven signals corresponding to ligand Ar-H protons are located at
11.13, 12.44, 14.37, 15.46, 19.01, 21.74, and 24.11 ppm, each integrating to 1H. Although
all resonances could be accounted for, the direct assignment the spectrum could not be
performed due to the low symmetry nature of the complex.
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To confirm our assignment, structural characterization was accomplished with
analysis of single crystals grown from a concentrated THF solution at -35q C by X-ray
crystallography. Refinement of the data revealed 3 as a dimeric complex in the solid state
containing a single ligand and a single iodine bound to each uranium center. (Figure 1.3).
The dimer itself is held together through an K5 backbonding interaction between each
uranium center and the pyridine ring of the opposite MesPDIMe ligand. These K5-interactions
involve the same orbitals as the K6-arene-uranium interactions, which are well precedented
in the actinide literature with the majority of coordinated arenes existing in their reduced
form.15,16,83,84 The role of the arene interaction is significant in the formation of 3, as highly
reduced transition metal species with pyridine(diimine) ligands have been well established
to form the bis(ligand) derivatives, (RPDIR’)2M, saturating the metal center and preventing
further reactivity.41 The intraligand distances (C-Nimine = 1.365(14), 1.359(14) Å; CimineCpyr = 1.411(15) and 1.390(15) Å) are similar to those in [Na(15-crown5)(THF)2][(iPrPDIMe)Fe(N2)] (C-Nimine = 1.366(3), 1.375(3) Å; Cimine-Cpyr = 1.405(3);
1.400(3) Å), which contains a trianionic pyridine(diimine) chelate.85 They are also the same
within error of those reported for 2, thus the ligand oxidation state is assumed to be either
[MesPDIMe]2- or [MesPDIMe]3-. Based on the U-N bond distances of 2.410(9), 2.300(11), and
2.392(9) Å, which are significantly shortened from 2 (and the more reliable metric), 3 likely
contains a [MesPDIMe]3- ligand.57 As such, the structural data for 3 suggest another ligand
centered reduction from 2 by KC8.
Further

reduction

of

3

with

another

equivalent

of

KC8

generated

[(MesPDIMe)U(THF)]2 (4) as a black solid in high yield (80%, Scheme 1.1), following a
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similar workup as before. Compound 4 is stable at room temperature in the solid state for
up to 3 weeks, up to 16 hours in solution, and can be heated to 50º C overnight without
notable decomposition. Analysis of 4 by 1H NMR reveals a highly symmetric species with
10 peaks ranging from -36 ppm to 26 ppm. Two signals integrating to 4H each appear at 31.81 and -15.75 ppm corresponding to a bound THF solvent molecule. These signals are
seen to disappear upon the addition of THF-d8 to an NMR tube of 4, suggesting lability of
the coordinated THF resulting in the formation of the 4-THFd8 complex. Four signals, each
integrating to 6H, can be found at -2.67, 0.85, 19.63, and 23.19 ppm corresponding to 4
pairs of equivalent CH3 groups. Three sets of resonances integrating to 2H each at 1.90,
2.79, and 9.73 ppm are assigned as the three sets of m-Ar-H for both the mesityl and
pyridine rings. The p-Ar-H signal can be found at -7.25 ppm integrating to 1H. The
symmetry of this spectrum suggests a structure containing a single mirror plane
perpendicular the MesPDIMe ligand down the center of the pyridine nitrogen, with top and
bottom asymmetry, suggesting hindered rotation of the mesityl arms of the ligand.
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Figure 1.3. Molecular structures of 3 (left) and 4 (right) depicted at 30% probability
ellipsoids. Hydrogen atoms and outer sphere solvents molecules have been omitted for
clarity.

Analysis of X-ray quality crystals of 4 grown from a concentrated toluene/pentane
mixture at -35 ºC (Figure 1.3) shows a uranium dimer which crystallized upon an inversion
center, relating one half of the dimer to the other, similar to the symmetry seen in the 1H
NMR spectrum. Each uranium center is coordinated by a single

Mes

PDIMe and one THF

solvent molecule. The U-N distances of 2.305(6) (U-Npyr), 2.427(7) (U-Nimine) and 2.407(6)
Å (U-Nimine) are on the order of those for the trianionic chelates in Cp*U(MesPDIMe)(THF)80
and 3. However, the C-Nimine (1.390(10) and 1.394(10) Å) and Cimine-Cpyr (1.318(11) and
1.346(11) Å) distances in 4 are more distorted than the trianionic chelates in
Cp*U(MesPDIMe)(THF),80

PDIMe(LiTHF)381

iPr

or

[Na(15-crown-

5)(THF)2][(iPrPDIMe)Fe(N2)].85 Given that 4 was synthesized via reduction of 3, the
possibility for [MesPDIMe]4- in 4 cannot be completely eliminated.
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Like 3, the monomers of 4 are held together by į-bonding interactions to the five
carbons of the opposing pyridine rings. This bonding motif is similar to that in uraniumarene compounds15,86-88 with U-C distances on the order of those in [(tBuArO)3mesU]
(2.719(3)-2.745(3) Å)89 and [Cp*2U]2(P-C6H6) (2.506(13)-2.733(14) Å).16 The pyridine
nitrogen atoms of each MesPDIMe ligand in 3 and 4 are pulled out from the plane of the five
ring carbons, donating to the opposite uranium center (2.461 and 2.440 Å for 3 and 2.391(9)
Å for 4). The U-C distances for both 3 and 4 can be seen in Table 1.
The U-C distances in complex 4 are seen to be slightly truncated with respect to
those in 3, an unexpected result if indeed the expected reduction was metal based, which
would result in an overall lengthening of U-C or U-N bonds. The pyridine bonding mode
observed for 3 and 4 is reminiscent of [Ș4-(iPrPDIMe)Al2Et3(ȝ-Cl)]Fe-(Ș6-C7H8), which
bears an (Ș6-toluene)Fe fragment coordinated to the pyridine ring in an Ș4-fashion.90 While
using crystallographic metrics to probe the oxidation states of complexes 1-4 is useful,
there is still a high degree of ambiguity, particularly in the highly reduced complexes, 3
and 4. Further studies were carried out to unambiguously assign the electronic structure of
these complexes.
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Table 1.1 Structural parameters for complexes MesPDIMe, 2, 3, and 4 in Å. Empty cells
represent either the absence of the particular bond or the presence of a symmetry element.

Bond

Mes

PDIMe

2

3

4

U1-N1
U1-N2
U1-N3
U1-I1
U1-O1

-----------

2.493(7)
2.324(9)
--3.0803(6)
2.546(6)

2.410(9)
2.300(11)
2.392(9)
3.0157(10)
---

2.427(7)
2.305(6)
2.407(6)
--2.525(6)

U2-C3
U2-C4
U2-C5
U2-C6
U2-C7

-----------

-----------

2.805(12)
2.828(12)
2.811(11)
2.811(12)
2.756(12)

2.707(8)
2.744(8)
2.801(8)
2.754(9)
2.798(8)

N1-C2
N2-C7
N2-C3
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-N3

1.277(3)
1.343(3)
1.346(2)
1.495(3)
1.386(3)
1.378(3)
1.383(3)
1.388(3)
1.494(3)
1.276(3)

1.377(10)
--1.369(11)
1.400(14)
1.414(13)
1.373(15)
---------

1.365(14)
1.420(13)
1.417(12)
1.411(15)
1.418(16)
1.376(15)
1.390(15)
1.442(17)
1.390(15)
1.359(14)

1.390(10)
1.437(9)
1.428(9)
1.318(11)
1.460(11)
1.381(11)
1.389(12)
1.468(11)
1.346(11)
1.394(10)
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1.3.2 Electronic Characterization of (MesPDIMe)-U Complexes

1.3.2.1 Electronic Absorption Spectroscopy
Studies on the electronic structure of 1 - 4 were initiated using solution phase
electronic absorption spectroscopy, as this technique has been established as a useful tool
in elucidating the oxidation states of redox-active ligands57,91 and low- and mid-valent
uranium species.92-94 This technique can be helpful in differentiating uranium centers of
varying oxidation states, as near-IR and UV-vis spectra provide a fingerprint for
compounds with uranium 5f 0, 5f 1, 5f 2, and 5f 3 configurations and, for this study, we will
primarily focus on the differences in the 5f 2 and 5f 3 states. Data for complexes 1-4 were
collected from 280–2100 nm at ambient temperature in THF and are presented in Figure
1.4, along with the spectrum of UI3(THF)4 for comparison.
Compound 1 was thought to bear a radical delocalized throughout the plane of the
[MesPDIMe]·/– ligand, thus its absorption spectrum should be unique as compared to 2 - 4.
Inspection of the UV and visible regions for 1 indeed show a more pronounced absorption
profile as compared to complexes 2 - 4. For compound 1, an absorption at 399 nm (H =
~1824 M-1 cm-1) is similar to that observed for the family of tetravalent uranium complexes
(NNR)UI2(THF) (NNR = fc(NR)2, fc = 1,1ƍ-ferrocenediyl, R = SiMe3, SitBuMe2, SiMe2Ph),
which have similar absorptions in the 400–500 range with modest molar absorptivities
(1100–1900 M-1 cm-1), and are indicative of 5f-6d transitions within the uranium ion and
iodide-uranium

charge

transfer

transitions.95

This

is

also

reminiscent

of

[((tBuArO)3tacn)U(dbabh)], which has an absorption at 408 nm (H = 1943 M-1 cm-1).89
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Compound 1 displays a second absorption at 479 nm (H = 522 M-1 cm-1), similar to the
uranium-iodide charge transfer observed previously in tetravalent UI4(OEt2)2 as well,95
albeit with a lower molar absorptivity. Comparing the absorption profiles throughout the
visible region in the spectra of 1 with UI3(THF)4 shows spectral characteristics, with
significantly higher molar absorptivities in the trivalent case,96 supporting the uranium(IV)
oxidation state in 1. While the UV and visible regions for 2 - 4 are similar to each other,
they are strikingly different when compared to 1. The well-defined bands seen for 1 are
absent, and are replaced by broadened transitions. These absorptions have line shapes and
molar absorptivities that are comparable to those observed for the uranium(IV) ion in
(NNR)U(CH2Ph)2(THF).95 As with this family of heterobimetallic species, 2 - 4 have strong
absorptions at ~300 nm (1500-4000 M-1 cm-1), which may indicate 5f-6d transitions within
the uranium core. These line shapes are similar to those in the tetravalent ketimido
derivative Cp*2U[N=C(Ph)2]2 (~ 10,000 M–1 cm–1), but have significantly lower molar
absorptivities.93
Examination of the near infrared spectra for 1 - 4 further highlights the differences
in these complexes. The spectrum for 1 shows a broad band spanning 1200–1800 nm,
which is shifted as compared to the similar broad bands observed for 2 - 4. The molar
absorptivities of these transitions (H = 50-100 M-1 cm-1) are in line with those observed for
previously published uranium(IV) complexes containing redox-innocent ligands;93,96,97
however, the bands in 1 - 4 are broader than those typically observed. Previous reports on
data collected for [((tBuArO)3mes)U] have indicated that broadness in f-f transitions may
be due to increased covalency when comparing uranium-arene to uranium-amine
bonding,89 thus it is possible that the same trend is operative for compounds 1 - 4. Further,
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the broadness observed for 1 is in contrast to those for other tetravalent uranium species
with radical anionic ligands. [((t-BuArO)3tacn)U(Ș2-NNCPh2•)],98 [((t-BuArO)3tacn)U(OCtBu

Ph2•)],99 and [((AdArO)3tacn)U(CO2•)],100 which all display sharp but weak f-f transitions

characteristic of the uranium(IV) oxidation state. In these cases, however, the radical
electron is localized on the axial ligand in the seventh coordination site, rather than
delocalized. While the electronic absorption spectra do support the initial assignments of
the uranium series 1 - 4 as containing tetravalent uranium centers, these data do not provide
definitive assignments of electronic configurations on their own. Additional analytical
tools were enlisted to more thoroughly probe the electronic structure of these species.

Figure 1.4 Electronic absorption spectra for compounds 1 (black), 2 (blue), 3 (green), 4
(red), and UI3(THF)4 (orange, for reference) recorded in THF at ambient temperature. The
UV-visible region (left) is from 280-900 nm, and the near infrared region (right) is shown
from 800-2100 nm.
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1.3.2.2 Magnetometry Studies
Variable temperature and field dependent magnetic measurements were performed
to further elucidate the electronic structures and spin states of paramagnetic complexes 1 4, with an emphasis on establishing the ligand and uranium oxidation state in 4. In general,
room temperature magnetic data alone do not allow differentiation between U(III) and
U(IV) complexes due to their similar expected Curie magnetic moments.101 Using L–S
coupling, the predicted RT moment for the 3H4 U(IV) ion is 3.58 ȝB while that for the 4I9/2
U(III) ion is 3.62 ȝB. In both cases, the observed moments are typically smaller than the
predicted ones, due to ligand field states that split the J = 4 or 9/2 ground terms by more
than kT at room temperature.102-105 Data for 1 - 4 are plotted in Figure 1.5. For compound
1, the variable temperature Peff data shows a depopulation of ligand field states that is
consistent with a 5f 2 3H4 uranium(IV) cation. At low temperatures, the magnetic behavior
of 1 is dominated by [MesPDIMe]·/– ligand radical. This is further supported by the
magnetization versus field curve for 1 at 2 K, which showed the onset of magnetic
saturation with a value of 0.85 PB at 7.0 T, close to the theoretical value of 1.00 PB for a
[MesPDIMe]·/– ligand radical when g = 2.0. Thus, the magnetometry data for 1 supported an
electronic structure assignment of a 5f 2 uranium(IV) ion and a radical
(doublet).

Mes

PDIMe ligand
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Figure 1.5 Variable temperature molar magnetic data (ȝeff) for 1 ( )106, 2 (), 3 (i), and
4 () (left) and variable field data collected at 2 K (right). Data was plotted per uranium
ion, with lines provided as guides to the eye.

Table 1.2 Magnetic data for compounds 1 - 4 and selected literature benchmarks.
Mes
PDIMe
Uranium
Peff (2/5 M, (2 K,
Peff
Oxidation Oxidation
(300
7 T, PB)
K, PB)
State
State
K, PB)
b
[((AdArO)3tacn)U]
III
--2.75 a
1.73
·/–
Ad
b
[(( ArO)3tacn)U(CO2 )]
IV
--2.89
1.51
b
[((AdArO)3tacn)U(N3)]
IV
--2.85a
0.70a
IV
–1
2.85
1.52
0.85
1
IV
–2
2.94
1.06
0.50
2
IV
–3
2.66
1.03
0.41
3
IV
–4
2.73
0.71
0.23
4
a
Estimated from graphical data reported in reference 100, b Not reported.

Complex
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The room temperature magnetic data for complexes 2 - 4, provided on a per ion
basis, are very similar to one another and to complex 1 (Figure 1.5 and Table 1.2). The
temperature dependences of 2 - 4 similarly follow a monotonic decrease with temperature
as with 1, also indicating depopulation of ligand field levels due to the uranium cations.
All compounds 1 - 4 show ȝeff values at 300 K within a small range of 2.66–2.94 PB,
characteristic of uranium(IV) cations.102,107-109 The ȝeff values at 2 K for 2 - 4 also fall in a
small range of low values from 0.71 to 1.06 PB per uranium cation. Unlike 1, complexes 2
- 4 exhibit a gradual increase in their magnetization versus field data at 2.0 K, which do
not approach magnetic saturation. The effective magnetic moments obtained for 2 - 4 at
7.0 T range from 0.23 to 0.50 ȝB. The similarities in the field and temperature dependent
data for 2 - 4 are surprising, given the range and extent of their reduction. The room
temperature moments, temperature dependences, and low temperature-field dependent data
taken together suggest that all members of the series are comprised of uranium(IV) cations.
The range of high temperature moments for 1–4 is similar to those observed by
Meyer and coworkers for [((AdArO)3tacn)UIII] and [((AdArO)3tacn)UIV(L)] (L = CO2·/– or
N3–;

((AdArOH)3tacn

=

1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydroxybenzyl)1,4,7-

triazacyclononane) (Table 1.2).100 In the Meyer series, the oxidation states of U(III) and
U(IV) were assigned on the basis of [((AdArO)3tacn)UIII] having a ligand field doublet
ground state from its 5f 3 configuration that retained a moment of 1.5 ȝB at 2 K, whereas
the 5f 2 [((AdArO)3tacn)UIV(N3)] exhibited a ligand field singlet with only a small moment
~0.5 ȝB at 2 K. Similar to our complex 1, the complex [((AdArO)3tacn)UIV(CO2)], exhibited
a LT moment of ~1.51 ȝB, attributed to the single unpaired electron on the CO2·/– ligand
and a non-magnetic singlet from a uranium(IV) ion.
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Given the similar temperature and field dependent magnetic data for 2 - 4 and the
data reported by Meyer, the data support the postulate that compounds 2 - 4 all contain
uranium(IV), 5f 2 centers. Furthermore, the low temperature data points to the absence of
unpaired spins on the MesPDIMe ligand frameworks for 2 - 4. Using charge balance, complex
2 contains two iodide ligands and a dianionic [MesPDIMe]2– ligand whereas complex 3
contains one iodide ligand with a [MesPDIMe]3– moiety. Similarly in complex 4, each
uranium(IV) cation is coordinated by a formally [MesPDIMe]4– ligand such that the
paramagnetism is only due to the 5f 2 configuration. These magnetic data corroborate the
findings from the electronic absorption measurements. The dimeric nature of complexes 3
and 4 facilitates spin pairing of the six [MesPDIMe]26– or eight [MesPDIMe]28– ligand electrons
per dimer as supported by DFT calculations (vide infra). Overall, the magnetic results for
1 - 4 indicate the reducing equivalents in this system reside primarily in the ligands.

1.3.2.3 X-ray Absorption Near Edge Spectroscopy
To further probe the valency at the uranium center, X-ray Absorption Near Edge
Spectroscopy (XANES) was employed. The background subtracted and normalized U L3edge XANES spectra for 1 - 4 are presented in Figure 1.6. Collectively, the spectra are
similar to other U L3-edge XANES reports of formally tri- and tetravalent uranium
compounds, in that they contain a single edge peak between 17167 and 17170 eV,
superimposed on a step-like absorption threshold.86,91,110-113 From the perspective of the
free ion, the edge features in these spectra primarily originate from electric-dipole allowed
transitions from uranium 2p-orbitals to unoccupied states that contain U d- and s-character,
e.g. for tetravalent uranium a 2p 6…5f 26d 0 ĺ 2p 5…5f 26d 1 transition is expected. The
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step-like absorption threshold represents the ionization potential of the uranium ion. It has
been shown that the energy of the first inflection point of the rising X-ray absorption edge
could be correlated with the effective nuclear charge of the absorbing uranium atom.86,91,110113

However, it has been well documented that many factors influence the exact absorption

energy, i.e. the coordination geometry and amount of orbital mixing in a given uranium–
ligand bond. Herein, we have compared the inflection point energies for compounds 1 - 4
with that of tri- and tetravalent uranium standards, namely U [N(SiMe3)2]3,114-116
UI3(THF)4,117,118 and (PPh4)2UCl6.63 These inflections points were quantified by
determining the point at which the 2nd derivative of the data equals zero, and the results are
represented graphically as the circular markers in Figure 1.6 and summarized in Table 1.3.
The data for 1 - 4 and the standards were calibrated to the yttrium K-edge from a
yttrium calibration foil (17038.4 eV) measured in situ. However, to better compare our
experimental values with those previously published on several tri- and tetravalent uranium
complexes, the energy difference between the inflection points determined for hexavalent
Cs2UO2Cl464 and compounds 1 - 4, U[N(SiMe3)2]3, UI3(THF)4, and (PPh4)2UCl6 were also
calculated and tabulated in Table 3. The -6.2 eV energy difference between U [N(SiMe3)2]3
and Cs2UO2Cl4 measured here is in excellent agreement with the -6.3 eV value reported by
Lukens and co-workers.86 Similarly, the energy for the UI3(THF)4 inflection point was -5.7
eV lower than that of Cs2UO2Cl4. The rising edge for the (PPh4)2UCl6 standard was
approximately 2 eV higher in energy than the trivalent standards, and found to be -3.3 eV
from Cs2UO2Cl4. Although the inflection points for compounds 1 - 4 were bracketed by
the tri- and tetravalent standards, the energy value for compound 1 (-5.4 eV from
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Cs2UO2Cl4) was approximately 2 eV lower than that of 2 - 4, which were on average -3.7
eV from Cs2UO2Cl4.
Using the inflection point metrics described above, compounds 2 - 4 exhibited
spectra similar to that of (PPh4)2UIVCl6. Consequently, these values also agreed quite well
with our recent U L3-edge XANES analyses for U(MesDABMe)2(THF) and
Cp2U(MesDABMe)2.91 To facilitate a comparison with compounds 1 - 4, data in the original
report was recalibrated to 17038.4 eV, and the results showed inflection points that were
offset by -3.8 eV from that of Cs2UO2Cl4. Hence, the U L3-edge XANES suggested that
descriptions of 2 - 4 invoking 5f 2 uranium ions and [MesPDIMe]2-, [MesPDIMe]3-, and
[MesPDIMe]4- ligands, respectively, seemed appropriate. Surprisingly, the data for
compound 1 closely resembled that of U[N(SiMe3)2]3 and UI3(THF)4. Based on these data
alone, it is tempting to describe 1 (under these experimental conditions) as having a neutral
Mes

PDIMe ligand and a uranium atom with three relatively localized 5f electrons. However,

the inflection point for 1, which contains three nitrogen donors and three iodide donors,
was still 0.7 eV higher than that of the trisamido, U[N(SiMe3)2]3, complex and 0.3 eV
higher than triiodide, UI3(THF)4, complex. Given the electronic absorption spectroscopic
measurements and the magnetometry data as well as the DFT calculations (vida infra), we
attributed the difference in rising edge positions to substantial orbital mixing between a
[MesPDIMe]·/– radical anion, the iodine ligands, and the uranium metal center. Future work
is focused on attempting to better characterize the U–N(MesPDIMe) interaction using N Kedge X-ray absorption spectroscopy.
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Table 1.3 U L3-Edge XANES data for compounds 1 - 4 vs formally tri- and tetravalent
standards. Also included are the differences in inflection point energies from that of
Cs2UO2Cl4. All data are calibrated against the Y K-edge from an Y foil measured in situ
(17038.04 eV).

a

Compound

Inflection point

vs Cs2UO2Cl4

U[N(SiMe3)2]3

17,167.0

-6.2

UI3(THF)4

17,167.4

-5.8

1

17,167.7

-5.5

2

17,169.3

-3.9

3

17,169.5

-3.7

4

17,169.6

-3.6

U(MesDABMe)2(THF)5

17169.32a

-3.88

U(C5H5)2(MesDABMe)5

17169.32a

-3.88

(PPh4)2UCl6

17,169.8

-3.4

Cs2UO2Cl4

17,173.2

0.0

In the original report91 the U L3-edge spectra were calibrated to the yttrium K-edge of our
yttrium calibration foil at 17032.08 eV. Values for U(MesDABMe)2(THF) and
Cp2U(MesDABMe) have been reworked using the latest calibration value of 17038.4 eV.
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Figure 1.6 The U LIII-edge XANES from the following compounds listed top to bottom;
U[N(SiMe3)2]3 (black trace), UI3THF4 (indigo trace), 1 (violet trace), 2 (blue trace), 3
(green trace), 4 (yellow trace), (PPh4)2UIVCl6 (orange trace), Cs2UVIO2Cl4 (red trace). The
circular markers represent the inflection point.
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1.3.2.4 Computational Analysis
Analysis of 1 and 2. To further probe the metal and ligand oxidation states in 1 and 2,
geometry optimizations were performed and their calculated structural parameters from the
PBE functional are tabulated (Table 1.4, Figures 1.7 and 1.8). As reliable metrics from
crystallography could not be determined for compound 1, its calculated U-N bond distances
(2.467 (U-Npyr) and 2.623 Å) do not have the benefit of an experimental comparison to the
same molecule. However, these distances can be compared to the U-N distances in
CpPUI2(MesPDIMe)

(2.522(10),

2.368(10)

(U-Npyr),

and

2.484(9)

Å)

and

CpPU(O2C2Ph4)(MesPDIMe) (2.679(4), 2.434(4) (U-Npyr), and 2.607(4) Å), both of which
have been established to have monoanionic [MesPDIMe]·/– ligands by X-ray crystallography
and SQUID magnetometry.57
The Mulliken spin density for the uranium center in 1 was calculated to be ~2.3;
although this value is slightly higher than expected for a pure U(IV) ion, it is still within
an acceptable range for the U-5f 2 configuration.119,120 The corresponding spin density for
the

Mes

PDIMe ligand in 1 was calculated to be ~0.7, suggesting population of an

energetically low-lying ligand S* orbital by a single electron, supporting the monoanionic
[MesPDIMe]·/- formulation. This description is consistent with the magnetic data for 1.
Inspection of the Kohn-Sham orbitals of 1 shows that the HOMO and HOMO-1 orbitals
(Figure 1.7) contain two singly occupied 5f orbitals with unpaired electron density,
consistent with a uranium(IV) center. The additional unpaired electron in 1 is situated in
the HOMO-2 orbital, whose parentage is primarily ligand in character (~80%). However,
this HOMO-2 orbital has moderate uranium character (~18% 5f and 2% 6d) with unpaired
electron density present on the metal center. This likely explains the elevated spin density
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value found for the uranium atom, as the ʌ* of the MesPDIMe ligand has significant overlap
with the uranium 5f orbitals as well as explain the relatively low inflection value by
XANES spectroscopy. However, we cannot rule out that the magnitude of this value could
be due to the propensity of GGA functionals to delocalize electron density.

Table 1.4 Calculated bond lengths for 1 and 2, and experimental bond lengths for
CpPU(O2C2Ph4)(MesPDIMe) and 2. The calculated structural parameters were obtained with
the PBE functional. U-Iax. and U-Ieq. are the axial and equatorial U-I bond lengths,
respectively.

1

CpPU(O2C2Ph4)
(MesPDIMe)

2

Calc. (Å)

Expt. (Å)

Calc. (Å)

Expt. (Å)

U-N1

2.623

2.607(4)

2.518

2.493

U-N2

2.467

2.434(4)

2.318

2.324

U-Iax.

3.013

--

3.068

3.080

U-Ieq.

3.039

--

--

--

U-OTHF
N1-C2

2.492

--

2.604

2.546

1.320

1.305(6)

1.349

N2-C3

1.319

1.383(7)

1.343

1.377
1.369

C2-C3

1.450

1.440(7)

1.416

1.400

C3-C4

1.398

1.384(7)

1.398

1.414

C4-C5

1.392

1.385(8)

1.393

1.373
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Figure 1.7 Kohn-Sham orbitals for complex 1 are shown above HOMO to HOMO-5, a
through f respectively. Orbitals a and b are singly occupied with primarily U-5f character
while c is also singly occupied and contains primarily MesPDIMe ʌ* character. Orbitals d
through f are all doubly occupied and contain primarily a mix of aryl ʌ* and I-p character
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Figure 1.8 Kohn-Sham orbitals for complex 2 are shown above HOMO to HOMO-5, a
through f respectively. Orbitals a and b are singly occupied with primarily U-5f in origin
while c is doubly occupied and contains primarily MesPDIMe ʌ* character, similar to 1.
Orbitals d through f are all doubly occupied and contain primarily a mix of aryl ʌ* and
iodine-p character, in a similar fashion to 1.
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As hybrid functionals often favor the localization of electrons, and systems with
redox active ligands are generally delocalized, the presence of a ligand radical in compound
1 was also probed using the PBE0 functional, by constraining the unpaired electrons in two
different configurations. The first model considered had three unpaired electrons all
localized in uranium orbitals giving rise to a neutral ligand, (MesPDIMe)0, and U(III) center,
while the second model constrained one electron to (MesPDIMe)·/–, leaving two unpaired
electrons on uranium, and U(IV). The former configuration, (MesPDIMe)0 and U(III), was
confirmed to be an excited state relative to the latter configuration, (MesPDIMe)·/– and U(IV),
by using time-dependent DFT with both the PBE and PBE0 functionals. The energy of this
ligand-to-metal charge transfer (LMCT) is approximately 11.8 kcal/mol (2431.1 nm).
Thus, formation of 1 most likely involves coordination of neutral

Mes

PDIMe to the

uranium(III) center, followed by a metal to ligand charge transfer (MLCT), which
generates a [MesPDIMe]·/–U(IV) monomer. This analysis supports the assignment that the U
5f 2 bearing a radical ligand configuration is indeed the lowest energy, electronic ground
state of 1, and is consistent with the electronic absorption spectroscopic and lowtemperature magnetic data.
For compound 2, the calculated structure from the PBE functional is an accurate
model for the experimentally determined metrical parameters, as shown by agreement of
the calculated bond lengths generally within 0.03 Å of the crystal structure (Table 1.3). An
exception to this is the U-OTHF bond distances for 2, which are overestimated by ~0.06 Å.
The calculated Mulliken spin density for the uranium center of ~2.2 compares favorably
with that calculated for 1, supporting that 2 is indeed a uranium(IV) species. By charge
balance of 2, the MesPDIMe ligand should be reduced by two electrons, which is supported
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by the parameters observed in the solid state structure. Confirmation of ligand reduction is
seen in the visualization of the valence orbitals of 2, where the HOMO-2 D-spin orbital is
nearly identical to that in 1 (Figure 1.8). In both cases, this orbital consists primarily of
ligand unpaired electron density, with only partial contribution from the uranium center
(27.2% 5f and 1.5% 6d). The HOMO E-spin orbital of 2 is analogous to the HOMO-2 Dspin orbital, with both having identical atomic orbital contributions and eigenvalues.
Furthermore, the HOMO and HOMO-1 D-spin orbitals of 2 are similar to those in 1 in that
they are primarily 5f in nature, and thus confirm the assignment of 2 as a U(IV) ion with a
ligand dianion, (MesPDIMe)2- (Figure 1.8).

Figure 1.9 Spin density plots for compounds 1 (left) and 2 (right) are shown above with an
isocontour value of 0.1. Compound 1 is seen so have spin density delocalized throughout
both the ligand and the metal center, suggesting a 5f 2 metal center bearing a ligand radical.
Compound 2, however is, seen to have all of the spin density localized on the metal center.
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Next, the electronic structure of the dianionic (MesPDIMe)2- ligand was further
explored. It is necessary to determine if the ligand electrons are paired, resulting in a
singlet, closed shell configuration, or unpaired, an open-shell ligand triplet. Examining the
spin density plot for 2 confirms the singlet configuration (Figure 1.9), which shows that
unpaired electron density is localized exclusively on the uranium center, with no ligand
participation. The spin density value for the ligand has also dropped to approximately zero
(~ -0.1), which is in contrast to 1 (~0.7) and confirms that the electronic structure of
(MesPDIMe)2-

is best described as a singlet, corroborating the low-temperature

magnetometry data which depicts a singlet ground state. The ligand triplet, corresponding
to an overall quintet electronic state for 2, is about 5.15 kcal/mol higher in energy,
suggesting it is not the preferred electronic arrangement. The U-N bonds are significantly
shorter in 2 as compared to 1 as a result of the greater electrostatic interactions between the
U(IV) center and the (MesPDIMe)2- as compared to a configuration comprising a U(VI)
center and (MesPDIMe)·/– ligand. Further confirmation of the ground states of 1 and 2 was
obtained by inspection of the Nalewajski-Mrozek121 bond indices, which include ionic
contributions to the interatomic bonds. For the U-N bonds in 1, these values range between
0.64 and 0.78, while for 2 this range is 0.76 to 1.21, establishing ligand electronic ground
states of [MesPDIMe]·/– and [MesPDIMe]2- for 1 and 2, respectively. The calculated U-N
distances for 1 are elongated with respect to the experimentally determined structure of 2,
indicating a lesser extent of ligand reduction for 1 as compared to 2, further supporting
assertions for their mono- and dianionic ligand assignments.
Analysis of 3 and 4. Geometry optimizations were performed to understand the electronic
structures of dimeric 3 and 4, but due to their complexity, were handled separately from
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monomeric 1 and 2. Using the PBE functional, the geometry optimization of 3 had good
agreement with the experimental values (Table 1.4), with the largest deviation between the
calculated and experimental bond lengths being only ~0.04 Å. Single point calculations
performed on the experimental and optimized structures of 3 show that the brokensymmetry singlet state is the ground state at the DFT level. The PBE functional shows this
singlet ground state for 3 is approximately 4.2, 10.6, 12.1 and 49.9 kcal/mol more stable
than the triplet, quintet, septet and nonet states, respectively. The calculated spin densities
for the uranium centers in 3 are between 1.8 and 2.1 (DFT), confirming a 5f 2 electronic
configuration, which is supported by examination of the Kohn-Sham orbitals (Figure 1.10)
and magnetic data. By charge balance considerations, a uranium(IV) oxidation state for
neutral 3 indicates the pyridine(diimine) must be reduced by 3 electrons, which is not
surprising given that the third reduction of the

Mes

PDIMe ligand has recently been

established for s,122 d,85 and f-block57,80,123 metals. However, the calculated spin densities
for the ligands in 3 are negligible, suggesting no radicals are present despite the fact that
they are each reduced by three electrons. Thus, the distribution of unpaired spin density
and the presence of Į- and ȕ-spin orbitals suggest that 3 is formally a [U4+]2I2[(MesPDIMe)26] system, containing four unpaired electrons populating only pure uranium 5f orbitals.
These findings are in agreement with the observed magnetic data describing 3 as a closed
shell (UIV) species.
As with 2 and 3, the optimized structure of 4 compares favorably with the
experimental results (Table 1.5). As with 3, single-point DFT calculations on the
experimental geometry of 4 also reveal a broken-symmetry unrestricted singlet ground
state (Tables 1.6). Energetically, the quintet state, containing four unpaired electrons, is
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only slightly higher (~0.5-1.3 kcal/mol) in energy with respect to the singlet ground state,
and is found whether the local or hybrid functionals are employed. This would imply the
quintet state would be partially populated at room temperature; however, there is no
evidence for this in the magnetometry data. This discrepancy could be due to the fact that
DFT can have difficulty handling the broken-symmetry multi-reference nature of the S=0
state. As such, the energies of the true singlet wavefunction is likely lower than what is
seen by DFT. For the ground state, the calculated Mulliken spin densities on the uranium
atoms in 4 vary from 2.2 to 2.4 (Table 1.6). Again, these spin densities are elevated for
canonical uranium(IV) centers, but are on the order of those seen for 2. Examination of the
orbitals of 4 reveals that each uranium center has a 5f

2

electronic configuration, by the

occupation of two orbitals, HOMO and HOMO-1, that are primarily 5f in character (Figure
1.11).

Table 1.5 Calculated bond lengths for 3 and 4.
Bond

3

4

Calc.

Exp.

Calc.

Exp.

U-N1

2.419

2.392(9)

2.431

2.427(7)

U-N2

2.303

2.300(11)

2.310

2.305(6)

U-I

3.008

3.0157(10)

--

--

U-U

3.703

3.741

3.686

3.668

U-OTHF

--

--

2.603

2.525(6)
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Figure 1.10 Kohn-Sham orbital for complex 3 are shown above HOMO to HOMO-5, a
through f respectively. All figures are of alpha spin and are doubly occupied with the
corresponding beta-spin orbitals. Orbital a is primarily U-5f from both uranium centers,
while orbital b if primarily 5f character there is a significant electron delocalization onto
the ligand. Orbitals c and e are orbitals that are contributing to the delta bond between the
uranium center and the pyridine ring of the opposite ligand. Orbital d has a center of sigma
electron density between the NUNU core. Orbital f is I-p orbital character along with some
ligand aryl ʌ* character.
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Figure 1.11 Kohn-Sham orbitals for complex 4 are depicted above, HOMO – HOMO-5. a
(HOMO) and b (HOMO-1) are singly occupied 5f orbitals localized on a uranium center.
The second uranium center has analogous orbitals of ȕ-spin. c, d, and f are the (HOMO-2),
(HOMO-3) and (HOMO-5) orbitals respectively. These orbitals correspond to metal-arene
interactions (į-bonds) between the 5f orbitals of the uranium centers and the antibonding
ʌ-orbitals of the MesPDIMe ligands. e (HOMO-4) is characterized by an inner ı-ring and
bonding interaction across the nitrogen atoms of the pyridine groups of the imine ligands
and the two uranium atoms.
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Figure 1.12 Spin density plots for complexes 3 (left) and 4 (right), showing unpaired
electron density is localized on uranium rather than the ligand.

Table 1.6 Relative energies and Mulliken spin densities of the various electronic states of
4 obtained with DFT. The spin densities on MesPDIMe are given in parenthesis.

PBE
M06-L
PBE0
PBE
M06-L
PBE0

Broken-symmetry
Triplet
Quintet
Singlet
Relative energies (kcal/mol)
0.0
10.6
1.2
0.0
31.0
0.5
0.0
54.7
1.5
Spin densities
2.3(0.0)
1.2(-0.2) 2.4(-0.3)
2.4(0.1)
1.2(-0.2) 2.5(-0.4)
2.2(0.0)
1.2(-0.1) 2.3(-0.1)

Septet

Nonet

12.0
12.1
30.3

48.3
25.6
38.8

2.7(0.3)
2.9(0.2)
2.6(0.4)

3.0(0.9)
3.3(0.7)
3.0(1.0)
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As evident from the experimental and calculated structures, dimeric 3 and 4 are
partially stabilized by the N2U2-cores between the pyridine nitrogen atoms of each
Mes

PDIMe and the opposing uranium centers. The N2U2 core is characterized by an outer ı-

type ring and an inner accumulation of electron density between the pyridine nitrogen
atoms and the two uranium centers (Figure 1.11, HOMO-4). Further stability for 3 and 4
can be attributed to the interactions between the ʌ* orbitals of the pyridine in MesPDIMe and
the corresponding 5f orbitals on the opposing uranium centers, which can be characterized
as į-bonding interactions (Figure 1.11). This type of bonding mode has been identified
previously for reduced toluene and benzene complexes bearing bulky amide15,84,86,89,124 and
cyclopentadienyl16 ligands. In the cases of 3 and 4, the extreme steric hindrance of the
dimeric species prevents a meaningful discussion of bond distances, as the longer U-C
distances (2.707(8)–2.820 Å) are out of range as compared to these sterically less
encumbered systems.
In the synthesis of 4 from 3, reductive cleavage of two U-I bonds results in two
additional electrons that must be accommodated. These electrons are housed in a fourth
ligand ʌ* orbital, one of Į- and one of ȕ-spin that is unoccupied in 3 (Figure 1.11, HOMO2). These results suggest that the ʌ* manifold of the MesPDIMe ligand is populated by four
electrons in 4, suggesting that the [MesPDIMe]4- electronic state is indeed accessible in this
dimeric coordination geometry through an additional ʌ-bonding interaction.

Thus,

compound 4 is assigned as an [UIV]2[(MesPDIMe)2]8- electronic system. This brokensymmetry solution is stable with respect to electronic excitation within the time dependent
DFT formalism. Thus all the reduction processes leading to 2 - 4 appear to be ligand based,
and a uranium (IV) center is retained in the compounds at this level of theory.
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The interaction energies, or the energies of dimerization, between the monomeric
units of 3 and 4, were calculated at the PBE/ZORA/STO-TZ2P level. This ǻH value
describes the extent of stabilization obtained by dimerization of the monomers (Scheme
1.2). For compound 3, the energy of dimerization was found to be -116.0 kcal/mol, and has
a lower absolute value as compared to that for 4, calculated to be around -144.4 kcal/mol.
Thus, 4 is considered to be more stable than 3, which follows logically from the presence
of the additional į-bonding interaction in 4. This is also observed experimentally, as 4 is
stable in the solid state at room temperature for days, whereas decomposition of 3 is noted
after several hours under identical conditions. To further examine the stability of 4,
dispersion corrections at the DFT-D3125 level were included in the computational analysis.
Absent dispersion considerations, 4 is calculated to be 28.4 kcal/mol more stable than 3.
This value decreases only slightly to approximately 23.3 kcal/mol upon inclusion of the
dispersion correction. Thus, 4 is considerably more stable than 3, as inclusion of longrange dispersion effects

126

only reduces the stabilization of 4 dimer relative to 3 by 5.1

kcal/mol.

Scheme 1.2. Dimerization of 4.

51
To surmise, the computational results on complexes 3 and 4 are supported by the
experimental data. This is especially true for the magnetic data, which shows singlet
ground states for these uranium(IV) complexes. While the ligands in both 3 and 4 are in
fact reduced, the ligand electrons are all paired, leaving the uranium 5f-orbitals as the only
sites for unpaired spin density within the series of 2 - 4. Additionally, while the electrons
are primarily restricted to the ligand, they are delocalized throughout the pyridine(diimine)
plane.

1.3.3 Redox Reactivity
With the electronic structures of the series of 1 - 4 established, further
demonstration of the stepwise redox chemistry was sought through reactivity studies, as
analysis by electrochemical methods was not possible due in part to their reactivity with
the electrolytes required for the experiment. While multi-electron chemistry is attractive
for many chemical processes, vida infra, we sought initially to examine single preparative
electron oxidation events to demonstrate the reversibility of the single electron reductions.
To determine if such oxidative events were possible for 1 - 4, each compound was treated
with molecular iodine (Scheme 3a-c). Reactions were assayed by 1H NMR spectroscopy
by comparison to an authentic sample of the reaction products. Addition of a single
equivalent of I2 to dimeric 4 resulted in the quantitative formation of 3. Analogously,
adding a single equivalent of I2 to dimeric 3 produced two equivalents of monomeric 2.
One-half equivalent of I2 effectively oxidized 2 to compound 1 as well. Multi-electron
transitions were also possible using appropriate amounts of elemental iodine for complete
oxidation of all complexes to form 1 (Scheme 3d-f). Oxidation reactions were also
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successfully accomplished using CuI as the oxidant. Interestingly, the oxidation of the
dimeric complex 4 by half an equivalent of I 2, or via single equivalent of CuI, did not lead
to the formation of the mixed

Mes

PDIMeUI-MesPDIMeUTHF dimer, but instead resulted in

half molar equivalents of 3 and 4, speaking to the inherent stability of the filled MO
(Scheme 3g). In a Similar fashion, the single electron oxidation of 3 did not result in the
formation of MesPDIMeUI-MesPDIMeUI2, but instead results in an equimolar solution of 2 and
3. Thus, the stepwise ligand oxidation chemistry with iodine supports our earlier claim of
sequential ligand-based reduction steps in the presence of potassium graphite.

a)
b)
c)
d)
e)

4 (1 equiv.)
3 2 equiv.)
2 (1 equiv.)

I2 or 2 CuI
I2 or 2 CuI

(1/

4 (1 equiv.)
4 (1 equiv.)

1/

2 I2

or CuI

2 I2 or 4 CuI
3 I2 or 6 CuI

3 (1 equiv.)

f)

3 (1 equiv.)
4 (1 equiv.)

2 I2 or 4 CuI

2
1 (1 equiv.)

h)

3 (1/2 equiv.) + 1 (1 equiv.)

1 (1 equiv.)
4 (1/2 equiv.) + 3 (1/2 equiv.)
2 (2 equiv.)

2 (2 equiv.)

i)

4 (1/2 equiv.) + 2 (1 equiv.)
4 (1/2 equiv.) + 1 (1 equiv.)

3 (1 equiv.)
3 (1/2 equiv.) + 2 (1 equiv.)

(1 equiv.) g )

1

(2 equiv.) i )

1/

2 I2

or CuI

Scheme 1.3 Oxidation and comproportionation reactions of 1 - 4.

Interestingly enough, the dimeric complexes 3 and 4 can also serve as potent
reductants towards monomeric 1 and 2 by utilizing their stored reducing equivalents. To
exemplify this, a solution of 2 was treated with half an equivalent of 4, resulting in the
formation of a single equivalent of 3 in a quantitative fashion (Scheme 3i). In a similar
fashion, treating a solution of 1 with one half equivalent of 3 results in the quantitative
formation of 2 (Scheme 3h). Also, addition of 1 to a solution containing half an equivalent
of 4 results in an equimolar solution of 3 and 2 (Scheme 3j)
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1.4 Conclusion
In summary, a series of reduced pyridine(diimine) uranium compounds, 1, 2, 3, and
4, were synthesized via the stepwise reduction with KC8. We have been able to synthesize
and describe a unique series of highly reduced uranium compounds that are stabilized by
the ability of the redox-active pyridine(diimine) ligand to store electron density. Using
spectroscopic, magnetic and computational techniques, we have provided compelling
evidence for the electronic structures of 1 - 4. Electronic absorption spectroscopic
measurements are consistent with uranium(IV) centers in each case, and assignment that is
corroborated by magnetometry experiments. For compound 1, low temperature data
supports the presence of a ligand radical, showing the uranium is oxidized to +4 and the
Mes

PDIMe ligand is reduced upon complex formation. For compounds 2 - 4, the magnetic

data is consistent with singlet ground states for each, corroborating our uranium(IV)
assignment. In the case of X-ray absorption spectroscopy, compound 1 seems to have
rising edge values in between U(III) and U(IV), whereas 2 - 4 match uranium(IV) standards
very well. Computational experiments model the metrical parameters for 1 - 4 effectively,
and provide insight into the electronics of the series. In addition to supporting the
spectroscopic and magnetic data, these studies establish that for 3 and 4, there is a large
driving force leading to the observed dimeric species, as evidenced by the magnitude of
the calculated interaction energies. Additionally, this explains the favorable formation of
the MesPDIMe ligands with formally 3- and 4- charges, the latter of which has not previously
been observed.
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The studies of 1 - 4 presented herein highlight the role of the redox-active ligand in
stabilizing these electron-rich uranium species. Population of the low-lying S* orbitals of
Mes

PDIMe allows isolation of complexes that would otherwise be unstable. For instance,

while compound 3 is described as a uranium(IV) species based on ligand reduction, it could
formally be considered a monovalent uranium equivalent. This is also the case for 4, which
could be formally described as a source of zerovalent uranium, but spectroscopically has
an oxidized uranium(IV) center. In this regard, these ligands stabilize electron-rich
uranium centers in much the same way as has been observed for transition metals.10,45,49
Like the metals of the d-block, our studies show that whether electrons are ligand- or metalbased, it is clear that the electrons are highly delocalized.

10

Interestingly, there are also

several important lessons to be learned in the chemistry of these redox-flexible ligands for
uranium specifically. First, while uranium is not typically known for its ability to backbond
effectively relative to transition metals, in the presence of few ligands besides a S-accepting
Mes

PDIMe, backdonation can occur readily. Second, there is clearly a large driving force for

the formation of uranium-arene interactions. While this has been known in the literature
for some time via the synthesis of uranium-K6-arene complexes, our theoretical results
provide insight into their interaction through the calculated interaction energies gained
during the dimerization reaction. Formation of the dimers featuring the actinide-arene
bonds is a significant finding as compared to transition metal chemistry with this class of
ligands. With transition metal cations, monomeric bis(pyridine(diimine)) metal complexes
are formed and those compounds limited reactivity.41 Third, our reactivity studies
presented vida infra/supra,57,106,123 show that electrons stored in the ligand, in concert with
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those at uranium, are easily accessible and potent reductants towards one another, as well
as their reactivity with molecular iodine.
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CHAPTER 2: REACTIVITY OF (MESPDIME)-U COMPLEXES

2.1 Introduction
As was mentioned previously, the mononuclear chemistry of uranium is
dominated by single electron reactivity, with examples of disproportionation and
comproportionation reactions being numerous, often showing preference towards the
formation of the highly stable U(IV) and U(VI) oxidation states. While classical
oxidative addition reactions for uranium are unknown, there are several examples of
dinuclear oxidative addition reactions seen in the literature.
The seminal example for “oxidative addition” at uranium comes from the work of
the Finke group in the early 1980’s.1 In this report, two equivalents of the trivalent bent
metallocene, Cp*2UCl(THF), are capable of performing the dinuclear oxidative addition
of a number of different alkyl halides, resulting in the formation of equal parts Cp*2UCl2
and Cp*2UCl(R) (R = Me, PhCH2, Me3CH2, Ad, cyclopropylmethyl, tBu; X = Cl, Br, I).
During the course of the reaction however, it was noted that a number of olefins, R-H and
R-R organic products were being formed, suggesting the formation of alkyl radicals (R·)
in solution. Radical formation was confirmed using cyclopropylmethylchloride, resulting
in the isolation of the radical ring opened product, Cp*2UCl(CH2CH2CH=CH2), in
substantial amounts.
Parts of this work have been recreated from; Nature Chemistry, 2014, 6, 919.
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Both in our hands and others, coupling redox active ligands and uranium has

allowed for multi-electron oxidative additions at a single metal center. Consistent with
these findings, the redox-active ligand uranium complex (MesDABMe)2U(THF), was seen
to react with MeI, again via a radical type mechanism.2 In this case however, the addition
does not occur across multiple metal centers, instead alkyl migration to the backbone of
the (MesDABMe) ligand occurs, resulting in the formation of (MesDABMe2)UI(MesDABMe).
While this is a mononuclear addition, the two electron transformation does not result in a
uranium based oxidation, instead the

Mes

DABMe ligand is solely responsible for the

reducing equivalents required during the reaction. Additionally, there has been a good
deal of success from this lab on performing the radical oxidative addition of diphenyl
dichalcogenides. Using the previously discussed Cp*U(MesPDIMe)(THF) complex,
addition of a number of PhEEPh results in a series of Cp*U(EPh)2(MesPDIMe) (E = S, Se,
Te) complexes. This mechanism was once again proved to proceed via a radical
mechanism, through the addition of a solution containing equal equivalents of Ph2S2 and
Ph2Se2,

with

the

primary

product

of

the

reacting

being

the

mixed

Cp*U(SPh)(SePh)(MesPDIMe) product. Once more it is seen that the reducing equivalents
required for this transformation come from the MesPDIMe ligand and not from the uranium
center.
More pertinent to the chemistry presented herein, multi-electron (< 2 e-) oxidative
addition reactions involving redox active ligand uranium complexes have been fairly well
documented, particularly towards the formation of U=E bonds. Much of this chemistry
has been focused on the activation of the relatively strong N=N multiple bond of
azobenzene. In the work of Evans and coworkers, addition of two equivalents of
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azobenzene to the trivalent dimer (Cp*2U)2(C6H6) results in full reduction of the diazene
and the formation of two equivalents of the U(VI) cis-bis(imido) complex,
Cp*2U(NPh)2.3 In this reaction, the eight electron reduction of two equivalents of
azobenzene is accomplished via a cooperative reduction with two electrons coming from
the (C6H6)-2 ligand and three electrons coming from each of the two metal centers. In a
similar fashion, Cp*U(MesPDIMe)(THF) is capable of performing the oxidative addition of
azobenzene or two equivalents of N-methyl-morpholine oxide (NMMO), forming the
pentavalent

bis(imido),

Cp*U(MesPDIMe)(NPh)2,4

or

the

hexavalent

uranyl,

Cp*UO2(MesPDIMe),5 respectively. For the formation of the bis(imido) complex, the four
electron reduction proceeds with three of the reducing equivalents coming from the
(MesPDIMe)-3 ligand and a single reducing equivalent coming from the U(VI) center,
resulting in a U(V)-(MesPDIMe)0 electronic arrangement. With the formation of the uranyl,
it was seen that both the (MesPDIMe)-3 ligand and the U(IV) center were oxidized by two
electrons, resulting in a U(VI)-(MesPDIMe)-1/· electronic arrangement. These differences in
reactivity highlight that the electron movement in these reduced species can be highly
complex and are often dependent on the substrates used in the transformation.
These examples of uranium based oxidative addition are by far more common
than its microscopic reverse. Reductive elimination has long been a high valued target for
the uranium chemist, but has been difficult given the thermodynamic stability of high
valent uranium complexes. Studying the reduction elimination of C-C bonds from
uranium is further complicated given the inherent instability of the U-C bond, which have
been well documented to undergo bond homolysis, with formation of radical species.6
One of the only examples of C-C reductive elimination at uranium comes from the work
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of Seyam and coworkers in the early 1980’s.7 In this report, the synthesis of several
uranyldialkyl “UO2R2” (R = Me, Vinyl, iPr, nBu, tBu, Ph) complexes was accomplished
at low temperatures. Slow warming of solutions containing these complexes lead to the
slow decomposition of these species with the release of a number of alkyl products. In
only a single case, where R = Ph, does this decomposition lead to the formation of the RR coupled products. All other alkyl complexes release a combination of R-H or olefin
products, which were postulated to proceed via R·extrusion.
In order to progress the chemistry of reductive elimination, our group has studied
the incorporation of redox active ligands to uranium alkyl complexes. Using uranium
tetra(benzyl) the first room temperature stable homoleptic uranium alkyl complex,
U(CH2Ph)4, synthesized by this group,8 we have shown that coordination of redox active
ligands can induce reductive elimination. Addition of a single equivalent of the
Mes

DABMe ligand results in the immediate reductive elimination of the C-C coupled

product PhCH2CH2Ph, with reducing equivalents transferring to the

Mes

DABMe ligand.8

The transient (MesDABMe)U(CH2Ph)2 complex however was unstable but could be
trapped upon addition of CpH resulting in the formation of the previously synthesized
Cp2U(MesDABMe). This reductive elimination was shown to be concerted, with crossover
experiments using both U(CH2Ph)4 and U(CH2Ph)4-d28, with none of the mixed couple
(PhCH2CD2Ph-d5) formed. This concerted reductive elimination becomes particularly
interesting when compared to the analogous chemistry performed with the iminoquinone
(RIQ) ligand set.9 Addition of a single equivalent of the neutral

DIPP

IQ to a solution of

UBn4 results in the step wise extrusion of PhCH2· from the uranium center with transient
formation of the (DIPPISQ)U(CH2Ph)3 complex and ending in the formation of the stable



68

dialkyl (DIPPAP)U(CH2Ph)2. The step wise radical mechanism is confirmed with identical
crossover experiments as was done for the

Mes

DABMe system. The differences between

the two systems were attributed to the differences in the redox-potentials of the ligands,
as well as the relative stability of the mono-reduced ligand forms.
With the amount of literature precedent and the extreme variability in the number
of electrons stored in complexes 1 - 4, we sought to investigate ability to perform
multiple electron transformations, in particular, oxidative U=E bond formation and
reductive elimination.

2.2 Experimental
General Considerations. All air- and moisture-sensitive manipulations were performed
by using standard Schlenk techniques or in an MBraun inert atmosphere drybox with an
atmosphere of purified nitrogen. The MBraun drybox was equipped with a coldwell
designed for freezing samples in liquid nitrogen as well as two -35 °C freezers for
cooling samples and crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated by using literature procedures.10 Benzene-d6 was purchased from
Cambridge Isotope Laboratories, dried with molecular sieves and sodium, and degassed
by 3 freeze–pump–thaw cycles.

Mes

PDIMe,11 potassium graphite,12 aryl azides,13 and

UI3(THF)414 were prepared according to literature procedures.
1

H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at

299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H
(residual) chemical shifts of the solvent as a secondary standard. The spectra for
paramagnetic molecules were obtained by using an acquisition time of 0.5, thus the peak
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widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR data
are reported with the chemical shift, followed by the peak width at half height in hertz,
the integration value, and where possible, the peak assignment. Electronic absorption
measurements were recorded at 294 K in THF in sealed 1 cm quartz cuvettes with data
collection being performed on a Jasco V-6700 spectrophotometer.
Single crystals for X-ray diffraction were coated with poly(isobutylene) oil in a
glovebox and quickly transferred to the goniometer head of either a Rigaku Rapid II
image plate diffractometer equipped with a MicroMax002+ high intensity copper X-ray
source with confocal optics, or a Nonius KappaCCD diffractometer with a molybdenum
source equipped with a graphite crystal, incident beam monochromator Preliminary
examination and data collection were performed with either Cu KĮ radiation (Ȝ =
1.54184 Å) or Mo KĮ radiation (Ȝ = 0.71073 Å). Cell constants for data collection were
obtained from least-squares refinement. The space group was identified using the
program XPREP.15 The structures were solved using the structure solution program
PATTY in DIRDIFF99.16 Refinement was performed on a LINUX PC using SHELX97.15 The data were collected at a temperature of 150(1) K.
DFT Calculations with All-Electron Basis Sets with a Two Component Scalar
Relativistic Approximation (PBE/ZORA/TZ2P). The all-electron basis set DFT
calculations in this work were carried out with the ADF 2013 package.17 The scalar
relativistic ZORA approach of van Lenthe18,19 was employed with all-electron (no frozen
cores) Slater type orbitals of triple-ȗ quality with two polarization functions (TZ2P) for
describing all the atoms in the actinide complexes. The PBE22, 23 density functional was
used in these calculations. This level of theory is denoted as PBE/ZORA/TZ2P in the
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body of the manuscript. An integration parameter of 6.0 was employed for all the
calculations. Geometry optimizations were followed by vibrational frequency analyses
using the harmonic approximation. The vibrational frequency calculations were used to
determine the nature of the optimized structures on the potential energy surface. In all
cases, the calculations were continued until tight geometry optimization (Energy: 1×10-4
Hartrees and 1×10-3 Hartree/ǖ) and energy convergence criteria were attained. Natural
bond orbital analyses were carried out with the GENNBO 5.W executable. These
calculations used the electronic wavefunction obtained at the PBE/ZORA/STO-TZ2P
level.
DFT Calculations with Relativistic Effective Core Potentials (PBE or PW91/RECP
&TZVP). To test the consistency the structural parameters obtained at the
PBE/ZORA/STO-TZ2P level, we also carried out geometry optimization of 7 with the
PBE and PW91 density functionals. In particular, the PW91 functional has been shown to
yield a reliably consistent description for the structure and vibrational frequencies of a
series of small uranium-containing compounds. The uranium core electrons were
modeled using the Stuttgart small-core, scalar-relativistic effective core potential
(RECP), which replaces 60 core electrons in uranium. For the oxygen, carbon, hydrogen
and nitrogen atoms, we used the TZVP basis set of Schaefer et al. The vibrational
frequency calculations were used to determine the nature of the optimized structures on
the potential energy surface. All the RECP calculations were carried out using the
Gaussian09 program package.
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Preparation of (MesPDIMe)UI2(NMes)(THF) (5). A 20 mL scintillation vial was charged
with 2 (0.250 g, 0.241 mmol) and dissolved in THF (10 mL). To this brown solution was
added a single equivalent of 2,4,6-trimethylphenylazide (0.038 g, 0.241 mmol), which
was followed by the immediate effervescence of dinitrogen, and a color change to dark
red. Volatiles were removed in vacuo, allowing for the isolation of the product,
(MesPDIMe)UI2(NMes)(THF) (5), as a black powder. (Yield; 0.235 g, 0.214 mmol, 89%)
Further purification of 5 was accomplished with multiple pentane washes. 1H NMR (300
MHz, 25 ºC, C6D6) į = -34.44 ppm (642, 6H), -19.54 ppm (26, 2H), -9.04 ppm (404, 6H),
-5.75 ppm (21, 2H), -4.52 ppm (37, 1H), 25.76 ppm (907, 6H), 35.30 ppm (15, 3H),
36.10 ppm (56, 3H), 52.51 ppm (18, 1H), 56.04 ppm (23, 1H), 60.52 ppm (65, 3H);
analysis (calcd., found for C40H50N4I2UO): C (43.89, 43.89), H (4.60, 4.65), N (5.12,
5.17).
Preparation of (MesPDIMe)UI(NMes)2(THF) (6). A 20 mL scintillation vial was charged
with 3 (0.250 g, 0.275 mmol) and dissolved in THF (10 ml). To this brown solution was
added two equivalents of 2,4,6-trimethlyphenylazide (0.088 g, 0.550 mmol), which was
followed by immediate release of dinitrogen, as indicated by effervescence of N2, and a
darkening of the solution. Following the removal of volatiles in vacuo, a shiny black
powder identified as (MesPDIMe)UI(NMes)2(THF) (6) could be collected. (Yield; 0.275 g,
0.250 mmol, 91%) 1H NMR (300 MHz, C6D6) į = -13.39 (s, 280), -6.59 (s, 146), -3.80 (s,
100), -0.77 (s, 148), 5.00 (s, 60), 16.44 (s, 280), 26.48 (s, 640); analysis (calcd., found for
C49H61N5IUO): C (53.46, 53.40), H (5.58, 5.47), N (6.36, 6.42).



72

Preparation of 6 from 5. A 20 mL scintillation vial was charged with 5 (0.100 g, 0.091
mmol) and dissolved in 5 mL of THF. To this solution was added 2,4,6trimethlyphenylazide (0.015 g, 0.091 mmol), and the solution stirred for 5 minutes. After
which time, KC8 (0.012 mg, 0.091 mmol) was added, resulting in an effervescence of
dinitrogen. Filtration and removal of solvent in vacuo furnished a brown powder,
identified as 6, in good yield (0.076 g, 0.069 mmol, 75%). Confirmation for the formation
of 6 was assessed by 1H NMR spectroscopy.
Preparation of (MesPDIMe)U(NMes)3 (7). A 20 mL scintillation vial was charged with 4
(0.250 g, 0.176 mmol) and dissolved in THF (10 ml). To this stirring solution was slowly
added three equivalents of 2,4,6-trimethlyphenylazide (0.170 g, 1.056 mmol). This was
followed the vigorous release of dinitrogen, as indicated by effervescence of N2 from the
solution, and a slight color change to yellow/brown. The volatiles were removed in vacuo
and the brown solid identified as (MesPDIMe)U(NMes)3 (7) was collected. (Yield; 0.305 g,
0.294 mmol, 83%) 1H NMR (300 MHz, C6D6) į = 1.61 (s, 6H, PDI-p-ArCH3), 1.99 (s,
12H, PDI-o-ArCH3), 2.12 (s, 6H, PDI-CH3), 2.21 (s, 6H, ArCH3), 2.93 (s, 6H, ArCH3),
4.31 (s, 6H, ArCH3), 4.43 (s, 6H, ArCH3), 5.54 (s, 3H, p-ArCH3), 6.68 (s, 4H, PDI-mArH), 7.12 (s, 2H, ArH), 7.20 (s, 2H, ArH), 7.23 (s, 1H, p-PyrH), 7.42 (s, 2H, ArH), 8.17
(s, 2H, m-PyrH); analysis (calcd., found for C54H64N6U): C (62.66, 62.51) H (6.23, 6.29)
N (8.12, 7.98).
Preparation of 7 from 6. A 20 mL scintillation vial was charged with 6 (0.100 g, 0.090
mmol) and dissolved in 5 mL of THF. To this solution was added 2,4,6trimethlyphenylazide (0.014 g, 0.090 mmol), and the solution was set to stir for 5
minutes. After which time, KC8 (0.012 mg, 0.090 mmol) was added, resulting in an
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effervescence of dinitrogen. Filtration and removal of solvent in vacuo furnished a brown
powder, identified as 7, in good yield (0.081 g, 0.078 mmol, 85%). Confirmation for the
formation of 7 was assessed by 1H NMR spectroscopy.
Preparation of (MesPDIMe)U(NDIPP)3 (8). A 20 mL scintillation vial was charged with
4 (0.250 g, 0.176 mmol) and dissolved in THF (10ml). To this stirring dark brown
solution was slowly added three equivalents of 2,6-diisopropylphenylazide (0.214 g,
1.056 mmol), which resulted in the immediate release of dinitrogen and a slight color
change to yellow/brown. Volatiles were removed in vacuo and the brown solid identified
as (MesPDIMe)U(NDIPP)3 (8) was collected. (Yield; 0.350 g, 0.301 mmol, 86%) Further
purification was accomplished by washing with cold pentane followed by immediate
filtration and collection of solid. 1H NMR (300 MHz, C6D6) į = 0.66 (d, J = 6.0 Hz, 12H,
iPrCH3), 1.38 (d, J = 6 Hz, 12H, iPrCH3), 1.48 (d, J = 6 Hz, 12H, iPrCH3), 1.65 (s, 6H,
PDI-p-ArCH3), 1.98 (s, 12H, PDI-o-ArCH3), 2.12 (s, 6H, PDI-CH3), 3.78 (sept, J = 6 Hz,
2H, iPrCH), 3.28 (t, J = 6 Hz, 1H, p-ArH), 4.19 (sept, J = 6 Hz, 2H, iPrCH), 5.76 (t, J = 6
Hz, 2H, p-ArH) 6.74 (s, 4H, PDI-ArH), 6.90 (t, J = 6 Hz, 1H, p-PyrH), 7.03 (m, 2H, mArH), 7.33 (d, J = 6 Hz, 2H, m-ArH), 7.50 (sept, J = 6 Hz, 2H, iPrCH), 7.80 (d, J = 6 Hz,
2H, m-ArH), 8.53 (s, J = 6 Hz, 2H, m-PyrH); analysis (calcd., found for C63H82N6U): C
(65.15, 65.23), H (7.12, 7.17), N (7.24, 7.08).
Preparation of (MesPDIMe)U(NDIPP)2(NMes) (9). A 20 mL scintillation vial was
charged with 4 (0.250 g, 0.176 mmol) and dissolved in THF (10ml). To this stirring dark
brown solution was slowly added a THF solution containing two equivalents of 2,6diisopropylphenylazide (0.072 g, 0.352 mmol) and one equivalent of 2,4,6trimethlylphenylazide (0.028 g, 0.176 mmol). Following addition, the volatiles were
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removed and the brown solid identified as (MesPDIMe)U(NDIPP)2(NMes) (9) was
collected. (Yield; 0.350 g, 0.301 mmol, <80%) Further purification was accomplished by
stirring in cold pentane followed by immediate filtration and collection of solid. 1H NMR
(300 MHz, C6D6) į = 0.71 (d, J = 6.0 Hz, 12H, iPrCH3), 1.53 (d, J = 6 Hz, 12H, iPrCH3),
1.71 (s, 6H, PDI-p-ArCH3), 2.02 (s, 12H, PDI-o-ArCH3), 2.12 (s, 6H, PDI-CH3), 3.69
(sept, J = 6 Hz, 2H, iPrCH), 4.41 (s, 6H, o-ArCH3), 5.86 (s, 3H, p-ArCH3), 5.93 (s, 2H,
Ar-H), 6.72 (s, 4H, PDI-ArH), 7.24 (t, J = 6 Hz, 1H, p-PyrH), 7.29 (d, J = 6 Hz, 2H, mArH), 7.79 (d, J = 6 Hz, 2H, m-ArH), 8.15 (d, J = 6 Hz, 2H, m-PyrH), 8.44 (sept, J = 6
Hz, 2H, iPrCH).
Alkylation reactions of 1-3. Attempts at alkylation were performed using the following
procedure; To a 20 mL scintillation vial was added 50 mg of the starting material (1, 2, or
3) which was dissolved in THF (~ 2 mL) and cooled to -109 ºC. In a separate vial, a
stoichiometric amount of alkylating reagent (LiBu, LiCH2SiMe3, NaCH2SiMe3, KCH2Ph)
was dissolved in THF (~ 2 mL) and cooled to -34 ºC. Once both solutions reached the
appropriate temperature, the alkylating reagent was slowly added to the stirring solution
of starting material. The solutions were then warmed to room temperature and the
volatiles were removed in vacuo. The crude reaction material was then analyzed by 1H
NMR spectroscopy.
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2.3 Results and Discussion

2.3.1 Reactivity of U-(MesPDIMe) with Aryl Azides
With the large variability of reduction and the large amount of literature
precedent, we sought initially to probe the reducing ability of 2, 3, and 4 on the reduction
of organoazide substrates. These substrates would provide a wealth of information on the
types of reactivity to expect, given the differences in the electronic structures of the
starting materials. These azide substrates were also chosen given our previous success at
analyzing multi-electron transformations, ending in the formation of uranium imido
complexes.
To begin our investigation, a single equivalent of 2,4,6 trimethylphenyl azide
(N3Mes) was added to a stirring solution of 2 in THF at room temperature. Immediately
upon addition the vigorous release of N2 was noted, accompanied by a slight lightening
of the solution. Following the removal of the solvent in vacuo, a brown powder assigned
as (MesPDIMe)UI2(NMes)(THF) (5) could be isolated in good yields (89 %) (Scheme 2.1).
Analysis of 5 by 1H NMR spectroscopy reveals a paramagnetically broadened and shifted
complex, characterized by 14 low intensity resonances, ranging from -36 to 60 ppm. Both
the number and symmetry of resonances in the 1H NMR spectrum are consistent with the
proposed imido product. Although all the signals of the appropriate integration could be
accounted for, definitive assignments of the 1H NMR spectrum could not be made, due to
the broad nature of the paramagnetic resonances.
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Scheme 2.1. Synthesis of 5.

Definitive characterization of 5 was accomplished by X-ray crystallographic
analysis performed on suitable crystals grown from a concentrated THF/pentane mixture
at -35 qC (Figure 2.1 (left), Table 2.1). Refinement of the data for 5 revealed a pseudo
pentagonal bipyramidal uranium center coordinated by a single

Mes

PDIMe ligand, two

iodides, and a mesityl imido, with a single molecule of THF completing the coordination
sphere. One of the two iodide ligands lies in the equatorial plane of the bipyramid, while
the second iodine is axial, trans to the imido substituent. The U=Nimido distance of
1.984(9) Å compares favorably with other monomeric uranium(IV) imido complexes,
both

reported

by

us;

Tp*2U(NMes)

(1.976(3)

Å)20,

and

others;

(tBu2bpy)UI2(NtBu)(THF)2 (1.931(5) Å) (THF)4UI2(NDIPP) (1.958(8).21,22 The U-NPDI
distances, ranging from 2.577(7) to 2.642(9) Å, are consistent with dative U-NPDI
interactions observed for Cp*U(MesPDIMe)(NPh)24, which has been established as bearing
a neutral

Mes

PDIMe ligand, [MesPDIMe]0. This was corroborated by analysis of the

intraligand parameters, which show C-Nimine distances of 1.310(13) and 1.281(13) Å, and
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adjacent C-C distances of 1.492(16) and 1.507(17) Å, all of which are consistent with
metrical parameters found for free
Mes

Mes

PDIMe (vida supra). The neutral nature of the

PDIMe ligand would suggest that the two reducing equivalents required for the

reduction of the azide arose from the

Mes

PDIMe ligand, with the uranium center retaining

its 4+ oxidation state.

Figure 2.1. Molecular structures of 5 (left) and 6 (right), with atoms displayed as 30%
probability ellipsoids. Hydrogen atoms and outer sphere solvent molecules have been
removed for clarity.
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In an analogous manner to 2, treatment of a stirring solution of 3 with four

equivalents (2 equivalents per uranium) of N3Mes resulted in a similar effervescence of
N2 from the solution. Following the removal of solvent in vacuo, a brown powder
assigned as (MesPDIMe)UI(NMes)2(THF) (6) (Scheme 2.2) could be isolated in fair yields
(91%). Complex 6 displays a highly broadened and paramagnetically shifted 1H NMR
spectrum, similar to 5, containing only seven resonances ranging from -13 to 26 ppm.
Not all of the resonances for 6 could be accounted for, even when applying a high
symmetry (C2) assignment, as a single 1H resonance off of the pyridine backbone
remains unaccounted for. However, given the U(V) nature of the product, this is not
unexpected, as U(V) complexes often provide highly broadened and difficult to interopret
1

H NMR spectra.23,24

Scheme 2.2. Synthesis of 6.
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Definitive confirmation of 6, was obtained through analysis by X-ray diffraction

performed on quality crystals grown from a concentrated THF solution at -34 qC.
Refinement of the data revealed a pentagonal bipyramidal uranium complex bound by a
single

Mes

PDIMe ligand, one iodide, and two mesityl imido functionalities (Figure 2.2

(right), Table 2.1). As is the case for a number of high valent bis(imido) complexes, the
two imido substituents are seen to be oriented trans to one another with N4-U1-N5 angle
of 167.0(4)º. The U=Nimido distances of 2.011(15) and 2.014(14) Å are slightly longer
than the U=N bond of 5, but on the order of those in other U(V) bis(imido) complexes,
Cp*U(MesPDIMe)(NPh)2 (2.036(5), 1.994(6) Å) and U(NDIPP)2Br(Me2bpy)2 (1.977(4),
1.980(4) Å).23 The two imido substituents are seen to bend away from the iodine ligand,
over the

Mes

PDIMe substituent, in a similar fashion to what is seen in the

Cp*U(MesPDIMe)(NPh)2, which has an acute N-U-N angle of 166.02(16)º. Analysis of the
U-NPDI distances, ranging from 2.582(11) to 2.631(11) Å, are similar to what was seen in
5, and again indicative of dative U-N interactions. The neutral MesPDIMe ligand formulism
is corroborated by analysis of the intraligand parameters, C-Nimine (1.282(18) and
1.267(18) Å) and C-C distances (1.51(2) and 1.50(2) Å), comparable to what is seen in 5
and free MesPDIMe.
Given our assignment of 3 as a U(IV) dimeric complex bearing a trianionic
(MesPDIMe)-3 chelate, and our assignment of 6 as a U(V) species bound by a neutral
Mes

PDIMe ligand, the formation of 6 if though to arise via a three electron oxidation of

both

Mes

PDIMe ligands and a single electron oxidation of both uranium centers. This
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overall 8 electron transformation, using both ligand and metal based electrons, is nearly
identical

to

the

electron

movement

described

for

the

formation

of

Cp*U(MesPDIMe)(NPh)24 and Cp*2U(NPh)2.3
For the final complex in the series, treating a stirring THF solution of 4 with six
equivalents of N3Mes, again, resulted in a vigorous effervescence of dinitrogen and a
distinct reddening of the solution. Following the removal of solvent in vacuo, a
red/brown powder assigned as (MesPDIMe)U(NMes)3 (7) (Scheme 2.3) could be isolated in
fair yield (83%).

Analysis of 7 by 1H NMR spectroscopy revealed a diamagnetic

complex, characterized by 12 sharp signals spanning from 1.6 to 8.3 ppm (Figure 2.2), as
expected for a U(VI) complex. The number and integration of these resonances is
consistent with the formation of a uranium tris(imido) complex. Resonances located at
1.61, 1.99, and 2.12 ppm, integrating to 6H, 12H, and 6H respectively, are assigned to the
methyl groups of the

Mes

PDIMe ligand. The remaining

Mes

PDIMe resonances are found at

6.68 (4H), 7.23 (1H), and 8.17 (2H) ppm. Four signals, integrating to 6H each, found at
2.21, 2.93, 4.31, and 4.43 ppm, along with a single 3H resonance located at 5.54 ppm are
assigned as the methyl groups of the imido ligands. Three 2H resonances are also found
at 7.42, 7.20 and 7.12 ppm and are assigned to the Ar-H protons of the imido ligands.
This peak distribution is suggestive of a C2V symmetric complex, in which hindered
rotation of the two axial imido substituents results in inequivalencies of the o-ArCH3 in
the 1H NMR spectrum, one lying over the
equatorial imido substituent.

Mes

PDIMe ligand with the other over the



Scheme 2.3. Synthesis of 7.

Figure 2.2. 1H NMR spectrum of 7 at 25 ºC in benzene-d6.
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Table 2.1. Structural parameters for complexes 5, 6, 7, 8, and 9. Empty cells represent
either the absence of the particular bond or the presence of a symmetry element.
R
Mes

U

N3

N

8
9

1

N1

Mes

N

4
6

2

1

U

N

R

2

7

3

6

4

1

N
R

5

Bond

5

Distance (Å)

Complex

5

6

7

8

9

U1-N1

2.642(9)

2.597(12)

2.553(4)

2.609(9)

2.581(8)

U1-N2

2.577(7)

2.582(11)

2.580(5)

2.587(10)

2.572(9)

U1-N3

2.615(8)

2.631(11)

---

2.609(11)

2.522(7)

U1-I1

3.1375(8)

3.2037(11)

---

---

---

U1-I2

3.1746(8)

---

---

---

U1-O1

2.507(8)

2.591(9)

---

---

---

U1-N4

1.984(9)

2.011(15)

1.992(5)

1.967(7)

1.997(7)

U1-N5

---

2.014(14)

---

1.965(7)

1.967(7)

U1-N6

---

---

2.024(5)

2.022(8)

2.027(7)

Intraligand

5

6

7

8

9

N1-C2

1.310(13)

1.282(18)

1.290(6)

1.281(13)

1.276(13)

N2-C7

1.347(14)

1.344(18)

---

1.346(16)

1.338(11)

N2-C3

1.357(14)

1.350(18)

1.342(5)

1.350(16)

1.344(12)

C2-C3

1.492(16)

1.51(2)

1.496(6)

1.467(16)

1.492(12)

C3-C4

1.388(14)

1.38(2)

1.390(6)

1.397(18)

1.398(12)

C4-C5

1.367(17)

1.36(2)

1.380(6)

1.36(2)

1.386(14)

C5-C6

1.325(17)

1.364(19)

---

1.369(18)

1.353(15)

C6-C7

1.380(16)

1.380(19)

---

1.416(18)

1.407(14)

C7-C8

1.507(17)

1.50(2)

---

1.47(2)

1.482(13)

C8-N3

1.281(13)

1.267(18)

---

1.281(16)

1.303(12)



83
To definitively confirm our assignment, crystals of 7 grown from a concentrated

THF/pentane mixture at -35 qC were analyzed by X-ray crystallography (Figure 2.4 (left),
Table 2.1). Refinement of this data revealed a six coordinate, pseudo-octahedral uranium
complex bound by a single

Mes

PDIMe and three mesityl imido groups, oriented in a

meridional fashion, with two isostructural molecules in the unit cell. The higher
symmetry molecule, which will be discussed below, is C2v symmetric in the solid state,
identical to what was seen by 1H NMR spectroscopy. The equatorial U=N bond, with a
bond distance of 2.024(5) Å, is slightly longer than the axial U=N bond of 1.992(5) Å.
The slight shortening of the trans-U-N imido bonds is likely due to an inverse trans
influence (ITI) (discussed vida infra), which is often observed for high-valent uranium
oxo complexes.25-27 The axial imido functionality has an N4-U1-N4’ angle of 166.6(2)°,
similar to 6, and the cis and trans imido substituents are related by an angle of
96.69(11)°. The bond lengths for the trans-imido substituents in 7 are substantially
longer than those found in typical hexavalent bis(imido) complexes, such as
U(NtBu)2I2(THF)2 (U=Nimido = 1.840(4) and 1.848(4) Å, N-U-N = 175.4(2)°), and
U(NPh)2I2(THF)3, (U=Nimido = 1.866(2) and 1.859(2) Å, N-U-N = 177.42(9)°).21,23,28-30
The elongated trans-U=N distances in 7, as compared to these uranyl analogues, is
explained by the competition for uranium based orbitals between all three imido
substituents (vida infra). The U-NPDI distances of 2.553(4) and 2.580(5) Å are once again
indicative of dative interactions for a neutral [MesPDIMe]0 ligand, which is confirmed by
analysis the C-N (1.290(6) Å) and C-C (1.496(6) Å) distances.
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The formation of two equivalents of 7 from 4, is the result of the reduction of 6

equivalents of N3Mes, totaling to a 12 electron transformation. Given the formulation of
7 as a diamagnetic U(VI) 5f 0 ion bound by a neutral (MesPDIMe)0 ligand and 4 as a U(IV)
5f 2 ion bound by a tetra-anionic (MesPDIMe)-4 ligand, all 8 ligand based electrons and all 4
metal based electrons were used in this transformation. This overall 12 electron oxidation
is to our knowledge unheard of in the chemistry of uranium and transition metals, as is
the formation of a uranium tris(imido) complex.
Alternatively, complexes 5, 6, and 7, may be synthesized by treating their
respective starting materials with 1,2-bis(2,4,6-trimethylphenyl)diazene, as determined
by

1

H NMR spectroscopy. This reaction however requires the use of elevated

temperatures (30-50 qC) and reaction times spanning several hours in order to afford full
conversion to the imido products. This does not represent a high yielding synthetic route,
as many of the paramagnetic products undergo decomposition at such elevated
temperatures. However, diazene activation demonstrates that 2, 3, and 4 are potent
reductants towards the strong four electron N=N multiple bond, in an analogous fashion
to Cp*U(MesPDIMe)(THF).11 Such diazene cleavage chemistry has also previously been
observed by Burns and co-workers, who reported activation of azobenzene using trivalent
[(C5Me5)2UCl(NaCl)],31 and a single equivalent of sodium metal.
With the successful formation of 7, the generality of the synthesis of tris(imido)
complexes was tested by treating 4 with six equivalents of N3DIPP (DIPP = 2,6diispropylphenyl) (Scheme 2.4). In an analogous fashion, this reaction resulted in the
vigorous release of dinitrogen with the analogous reddening of the solution. Removal of
the solvent allowed for the isolation of a brown powder assigned as MesPDIMeU(NDIPP)3
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(8) in high yield (85%). The 1H NMR spectrum of 8 displays similar peak distribution as
7, and is characterized as having the same C2v symmetry in solution, with hindered
rotation about the trans-imido substituents (Figure 2.3). Signals for the

Mes

PDIMe ligand

appear in nearly the identical arrangement and location as seen in 7, with resonances at
1.65, 1.98, 2.12, 6.90, 7.30 and 8.53 ppm. There are three doublet signals that correspond
to the imido-based iPrCH3 groups, each integrating to 12H at 0.66, 1.38, and 1.48 ppm.
The corresponding iPrCH resonances can also be found at 3.78, 4.19 and 7.50 ppm. The
two doublet resonances at 7.33 and 7.80 ppm are assigned to the m-Ar-H, while the two
triplet resonances at 3.28 and 5.76 ppm are assigned to their corresponding p-Ar-H
protons. Due to the interesting symmetry and distribution of resonances displayed by 8,
two dimensional correlation spectroscopy was implemented to provide a more complete
assignement. iPrCH3 signals at 0.66 and 1.38 ppm are seen to correlate with iPrCH
resonances at 3.78 and 4.19 ppm respectively, while the iPrCH3 signal at 1.48 ppm
displays a correlation with a very downfield resonance at 7.50 ppm. This severe shift is
also noted with the p-ArH of the equatorial imido substituent, which displays a signal at
3.28 ppm, coupling with the m-ArH at 7.80 ppm. The deviation of these signals from
their organic based references is attributed to a large degree of electron delocalization
into the ʌ*-system of the aryl ring. Similar peak shifting has been noted in the hexavalent
cis-bis(imido) complexes Cp*2U(NPh)2, which displays ArH resonances ranging from
9.26 – 0.72 ppm and were attributed to temperature independent magnetism.
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Scheme 2.4 Synthesis of complexes 8 and 9.

Figure 2.3 1H NMR spectrum of 8 at 25 ºC in benzene-d6

(9)
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Figure 2.4. Molecular structures of 7 (left) and 8 (right), with atoms depicted as 30%
probability ellipsoids. Hydrogen atoms, outer sphere solvent molecules and isostructural
molecules have been removed for clarity.

X-ray diffraction analysis of crystals of 8 grown from a concentrated
pentane/toluene solution at -34 ºC was performed to confirm our assignment. Refinement
of the data reveals the molecular structure of 8 as a crystallographically C1 symmetric, six
coordinate uranium center with a single

Mes

PDIMe and three 2,6-diisopropylphenylimido

groups, nearly identical to 7. The U-Nimido distances of 1.965(7) (axial), 1.967(7) (axial),
and 2.022(8) Å (equatorial) (Figure 2.4 (right), Table 2.1) along with the trans-bis(imido)
angle of 168.8(4)° and the cis-bis(imido) angles of 95.3(4) and 95.8(4)° are consistent
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with those seen in 7. The U-NPDI distances again depict a neutral

Mes

PDIMe ligand

formulism, with distances ranging from 2.587(10) - 2.609(11) Å. Analysis of intraligand
C-N and C-C distances further support his claim (Table 2.1).
To truly stretch the bounds of this chemistry, we set our sights on the synthesis of
a mixed tris(imido) complex, bearing different imido groups in the axial and equatorial
positions. To accomplish this, a stirring solution of 4 in THF was slowly treated with a
THF solution containing four equivalents of N3DIPP and two equivalents of N3Mes over
the course of several minutes. These small additions all resulted in a similar
effervescence and a slight lightening of the solution. Following the removal of solvent a
brown powder was isolated and assigned as (MesPDIMe)U(NDIPP)2(NMes) (9) could be
isolated in decent yield (> 80%). Analysis of the crude material by 1H NMR indicates the
formation of 8 as a minor impurity. As one would expect, the resonances found for 9
trend well with the 1H NMR spectrum of both 7 and 8. Resonances for the methyl
substituents of the MesPDIMe ligand are found at nearly identical locations as before, 1.71,
2.02, and 2.12 ppm, and resonances for the Ar-H protons of the ligand are located at 6.72,
7.24 and 7.79 ppm. The DIPP imido substituents have similar peak distributions as were
seen in 8, with two iPrCH3 signals at 0.71 and 1.53 ppm each integrating to 12H each,
with corresponding 2H iPrCH resonances at 3.69 and 8.44 ppm. The m-ArH and p-ArH
resonances for the DIPP substituent can be found at 7.29 and 5.93 ppm, respectively.
These resonances match the assigned resonances responsible for the trans-imido
substituents in the spectrum of 8. Signals arising from the Mes imido can be found at
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4.41, 5.86, and 8.15 ppm, corresponding to the o-Me, p-Me, and m-ArH protons
respectively. These resonances are similar to those assigned to the equatorial imido
substituent in 7.

Figure 2.5 Molecular structure of 9, depicted as 30% probability ellipsoids. Hydrogen
atoms have been removed for clarity.

For definitive confirmation of a mixed tris(imido) complex, crystals of 9 grown
from a concentrated THF/pentane solution were analyzed by X-ray diffraction.
Refinement of the data supports our assignment of 9 as a mixed tris(imido) complex, with
two DIPP imido substituents in the axial positions, and a Mes imido substituent
coordinated in the equatorial plane, with the

Mes

PDIMe ligand completing the pseudo
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octahedral coordination environment (Figure 2.5). Much like 7 and 8, the axial imido
bonds are separated by a N-U-N bonding angle of 167.9(3)º, with axial U=N bond
distances of 1.997(7) and 1.967(7) Å. The equatorial imido bond is once again elongated
with respect to the two axial U=N bonds with a distance of 2.027(8) Å. Again we see that
the U-NPDI, and intraligand C-N and C-C distances are consistent with a neutral MesPDIMe
ligand formulism (Table 2.1).
The

synthesis

of

the

other

mixed

tris(imido)

complex,

(MesPDIMe)U(NMes)2(NDIPP) (10), was also attempted in an analogous manner to 9.
Slow addition of a solution containing two equivalents of N3Mes and one equivalent of
N3DIPP to a stirring solution of 4 resulted in the analogous release of N2. Analysis of the
crude reaction mixture by 1H NMR spectroscopy, however revealed very little formation
of the product assigned to 10. Instead, the predominant species in solution were found as
being 7 and 9, in roughly a 2 to 1 ratio. This would suggest some preference, steric or
electronic, for the formation of 9.
The synthesis of these uranium tris(imido) species is quite significant, as it is the
first demonstration that three strong ʌ-donor ligands can be supported by a single
uranium center. Other attempts at synthesizing uranium complexes bearing three ʌ-bonds
involve the phosphine supported carbene ligands, [C(Ph2PE)2]. Both Ephritikhine (E =
S)32 and Liddle (E = NSiMe3)33 describe three formal multiple bonds to U(VI) for
[UO2(C(Ph2PS)2)(py)2] (py = pyridine) and [U(C(Ph2PNSiMe3)2)(NMes)(O)(DMAP)2],
respectively, with charge delocalization across the phosphine backbone and the carbon
atom, generating a U-C interaction intermediate of a single and double bond. Arnold has
reported Pacman-shaped uranyl complexes of the Schiff-base polypyrrolic macrocycle, L,
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[(R3SiOUO)2(L)], where one oxo ligand is capped by a silyl group, and the other by a
second uranium center, slightly decreasing the multiple bond order.34
The monomeric nature and solubility of these (MesPDIMe)U(NR)3 complexes in
organic solvents are compelling advantages over binary polymeric systems, such as UO3.
UO3 in particular is not well understood, with its numerous polymorphs and insolubility
in most solvents, very little is known about the bonding and orbital interaction present in
this highly important construct. Isolation of the uranium(VI) tris(imido) derivatives will
provide insight into the character of multiple bonding and even afford reactivity of these
high valent systems. Such is the case with transition metal tris(imides), which have
increased reactivity compared to their bis(imido) counterparts due to polarization of the
strong ligand-to-metal p(S) to d(S) interactions.35,36
In summary, the formation of the mono-, bis-, and tris(imido) derivatives
highlights the role of the redox active

Mes

PDIMe ligand, in activation of small molecule

substrates. Tetravalent 2, which bears a [MesPDIMe]2- ligand, forms 5 with [MesPDIMe]0
upon addition of N3Mes. Thus, a two electron ligand-centered oxidation occurs,
maintaining the uranium(IV) oxidation state. For each half of the dimer in 3, oxidation of
three electrons from [MesPDIMe]3- and one electron from uranium generates 6, which has a
uranium(V), f 1 center. Taking into account the dimeric nature of 3 and the formation of
two equivalents of 6 supported by [MesPDIMe]0, an overall 8 electron transfer occurs.



92

Analogous reactivity is observed for 4, where two equivalents of hexavalent
(MesPDIMe)U(NR)3 (R = Mes, DIPP) are generated from 4 in a twelve electron oxidation
of the uranium-pyridine(diimine) chelate.

2.3.2 Electronic Characterization of Imido Complexes

2.3.2.1 Electronic Absorption Spectroscopy
Further investigation into the electronic structure of these complexes was
accomplished by analysis of 5, 6, and 7 by electronic absorption spectroscopy. Data were
collected in THF at room temperature in the range of 300 to 2100 nm (Figure 2.6).
Analysis of the near infrared region (NIR) for 5 shows numerous broad, low molar
absorptivity transitions throughout the 800- 2100 region. These transitions are typical for
U 5f 2 complexes and are typically assigned as 5f-5f based transitions. As is typical for
low symmetry U(IV) complexes, there are very few transitions in the UV-Vis region of
the spectrum, with only a large transition closer to 250 nm, commonly observed for the
Mes

PDIMe based ligands. Analysis of the NIR region of the spectrum of complex 6 shows

two broad transitions with moderate molar absorptivities centered around 1600 nm. These
absorptions seen in 6 are commonly noted by this group and others, and are typically
assigned as the f-f transitions a U(V) 5f 1 center.
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Figure 2.6. Electronic absorption spectrum for complexes 5, 6, and 7 collected at 25 ºC in
THF from 380 – 2100 nm. Inset is used is used to highlight the NIR region of the
spectrum. Solvent overtones from 1650 - 1750 nm have been removed for clarity.

Analysis of 7 by electronic absorption spectroscopy shows a lack of any broad
resonances in the NIR, indicative of the U(VI) ion. There are also two, broad, high molar
absorptivity absorptions in the UV-visible region of the spectrum, located at 580 and 920
nm. These type of absorptions are common for U(VI) bis(imido) complexes, and are
assigned as ʌ(U=N) to 5f and ʌ(U=N) to ʌ*(U=N) type transitions.
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2.3.2.2 Computational Analysis
Density functional theory (DFT) calculations were used to further elucidate the
bonding in the series of imido products, 5, 6, and 7. The geometries of 5 and 6 were
optimized at the PBE/ZORA/TZ2P level. This notation describes in order the density
functional, relativistic approximation and basis sets used in the calculations. The
respective axial U-Nimido bonds in 5 and 6 are calculated to be 1.965 and 1.955 Å, which
are both slightly shorter than the corresponding experimental values of 1.984 and 2.0112.014 Å. The trend in the calculated bond lengths of the axial U-Nimido bonds in 5 and 6
correlates well with the calculated Nalewajski-Mrozek valence indices37 of 2.38 and 2.40,
respectively, indicating that the U-Nimido double bonds have significant triple bond
character. The presence of two axial imido groups in 6 better promote 5f orbital overlap
as compared to the single imido ligand in 5. The ʌ(f) orbitals of 6 contain about 14% 5f
contribution and 7-12% 2p contribution from each of the axial nitrogen atoms as
compared to 5, where the 2p contribution of the imido nitrogen (9%) is slightly lower. A
larger reduction in the 5f/2p overlap is found in the ı(f) orbital of the U=N bond when
comparing 6 (12%/10-14%) versus 5 (11%/1%). The weaker U-Nimido bond in 5 is
attributed to the axial iodide ligand, which dominates the ı(f) orbital and slightly
weakens the ʌ(f) manifold. This however is a general trend seen between low and high
valent imido complexes, where the weaker, low valent U(IV)=N bonds display greater
reactivity towards bond activation than U(V/VI)=N bonds.
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Table 2.2. Calculated bond metrics for 7 at both the PBE/ZORA/TZ2P and
PBE/RECP&TZP levels of theory.
Distance [Å]
Bond

Expt.

PBE/ZORA/TZ2P PBE/RECP&TZP

U1–N4ax

1.992(5)

2.009

2.016

U1–N4ax

1.992(5)

2.009

2.016

U1–N6eq

2.024(5)

2.040

2.042

U1–N1PDI

2.553(4)

2.558

2.598

U1–N1PDI

2.553(4)

2.558

2.598

U1–N2PDI

2.580(5)

2.563

2.567

Geometry optimizations were also performed on the uranium (VI) tris(imido), 7,
at the PBE/ZORA/TZ2P level (Table 2.2). The calculated structural parameters agree
well with the experimental data (within ~ 0.02 Å). The Nalewajski-Mrozek valence
indices37 of 2.18 for the axial U-Nimido bond, (Table 2.3) indicates triple bond character
composed of two covalent bonds of predominantly U 5f, U 6d, and N 2p orbitals similar
to 5 and 6. Confirming our postulate for the presence of an inverse trans influence, these
calculations reveal that the 6p atomic orbitals only contain about 5.85 electrons with 0.15
electrons transferred to nitrogen 2p orbitals. This U6p to N2p charge transfer as well as
the magnitude of charge transferred has been suggested by Denning38 and Pyykkö39,40 as
evidence of the ITI. We note that geometry optimization with a relativistic effective core
potential (RECP) and the same functional results in little change in the calculated
structural parameters.
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The axial U=N bonds in 7 are weakened with respect to those in 6, due primarily

to competition with the equatorial imido for U-5f and 6d orbitals. Competition for
actinide orbitals between the axial and equatorial U-Nimido bonds is best displayed in the
ı(f) bond orbital of the axial imido’s (Figure 2.7e) which is reminiscent of the
competition between the uranyl oxo atoms and equatorial hydroxo ligands suggested by
Clark et al.41 and observed computationally.42,43 This ı(f) orbital of the trans Nimido-UNimido moiety in 7, contains about 13% U-5f, 11% 2p contribution from each axial
nitrogen and 8% 2p contribution from the equatorial nitrogen. In addition, the ʌ(f), ʌ(d)
and ı(f) orbitals of 7, have significant delocalization onto the phenyl group (Figure 2.7 ae). In general, the analysis of the canonical orbitals is supported by a natural bond orbital
(NBO) analysis of the electronic wavefunction obtained at the PBE/ZORA/TZ2P level.
The U–N covalent bond occupations deviate appreciably from double occupation (n =
1.75 – 1.83) with a second-order perturbation estimate of donor-acceptor interactions,
likely due to delocalization into C–C antibonding orbitals on the phenyl group. As seen in
Figure 2.7, the HOMO-1 and HOMO-8 both contain ʌ(f) character bonding with the axial
imido groups in both the and xz the yz planes. The HOMO-2 and the HOMO-4 orbitals
are comprised primarily ʌ(d) character orbitals with respect to the axial imido
functionalities in both the xz and yz planes. Figure 2.7f depicts the HOMO-18 which is
the ı(f) orbital of the equatorial Npyr-U-Nimido moiety.
With the importance of the of these complexes with respect to UO3, the
theoretical

oxo

analogue

of

7,

(MesPDIMe)UO3

(7-O3),

was

also

studied

(PBE/ZORA/TZ2P). The Nalewajski-Mrozek bond index37 for the axial U-O bonds was
calculated to be

2.51, larger than that in 7 (Table 2.3). Examination of the bond
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topological properties obtained from the Atoms in Molecules44 approach shows that the
U-O bonds of 7-O3 have greater density, ȡ, at their bond critical points than the U-N
bonds in 7. This is very interesting given that higher rho (ȡ) values at bond critical points
(BCPs) can be intuitively expected to depict greater strengths for a chemical bond formed
by significant orbital mixing.44-47 We note however, that the exact correlation between
bond strengths in actinide complexes and calculated QTAIM metrics is still a subject of
significant research interest.55 Overall, these results indicate greater covalent (as
illustrated by larger ȡ at the BCPs) character in 7-O3 than in 7. This is in contrast to that
observed with [UO2]2+ versus [U(NR)2]2+ complexes, in which the U=N bonds displayed
a higher degree of covalent character.44 This is due to the equatorial imido group in 7,
competing with the trans imido substituents to a greater extent for uranium based orbitals
than for the equatorial oxo in 7-O3.
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Figure 2.7. Valence molecular orbitals of 7. a - f are respectively, the HOMO-1, HOMO2, HOMO-4, HOMO-8, HOMO-16, and HOMO-18 molecular orbitals. Orbital plots
generated with contour value of 0.03.
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Figure 2.8. Valence molecular orbitals of 7-O3. a. The (HOMO-1) has significant
equatorial ı(U-O) character. Figures b, c, and d are HOMO-7, HOMO-8, and HOMO-9
respectively, and contain primarily ʌ(f) character. Figures e, f, and g are the HOMO-10,
HOMO-11, and HOMO-12 orbitals and are all primarily U 6d in character, with e and g
having ʌ(d) character and f being axial ı(U-O) in nature. h. i.: Comparisons of the NBOs
of the axial U-N bonds in 7 to the axial U-O bonds in 7-O3. The axial U-N NBOs in the
latter are of covalent ʌ-type character, the axial U-O NBOs are of covalent V-type
character. The color scheme used for the NBOs was changed to avoid confusion with the
canonical orbitals. Orbital plots generated with contour value of 0.03.
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Table 2.3. Calculated bonding properties of 7-O3 and 7. For the latter, only the bonds
with the axial and equatorial NMes ligands are included. (ȡ = electron density and BCP =
bond critical points)

Distance (Å)

Bond Indices
(Nalewajski-Mrozek)41

Topological Properties
(ȡ at BCP’s)

Axial

1.862

2.51

0.242

Equatorial

1.885

2.67

0.232

Axial

2.009

2.18

0.165

Equatorial

2.040

2.04

0.153

Complex
7-O3

7

While the equatorial oxo contribution to the ʌ(f) orbitals of 7-O3 are about 1422% 2p, analogous orbitals in 7 have negligible contributions from the equatorial
nitrogen center. A lower contribution from the equatorial nitrogen of 7 compared to the
oxo center of 7-O3 is also observed for the ı(f) orbitals. As a result of energy
considerations, the equatorial V(U-O) bond orbital of 7-O3 has no overlap with the
pyridine nitrogen of the imine ligand (Figure 2.8f) in contrast to 7 (Figure 2.7f). The
pyridine nitrogen of

Mes

PDIMe, plays a minor role as the U-O bonds in gaseous UO3 are

also more covalent than the U-N bonds of the U(NR)3. Finally, we note that NBO
analysis reveals that the axial U-N bonds in 7 are supported by ʌ-type bond orbitals
whereas the axial U-O bonds in 7-O3 are supported by ı-type orbitals.
With the support of these calculations, we sought the formation of 7-O3 via a
similar pathway as 7, as repeated attempts at chelation of

Mes

PDIMe to UO3 were

unsuccessful. Addition of three equivalents of a number of oxo-transfer reagents
(trimethylamine-N-oxide, pyridine-N-oxide, lutidine-N-oxide, N-methyl morpholine-Noxide) to a stirring solution of 4 does not result in the formation of 7-O3. Instead the
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immediate precipitation of UO3 as a tan solid was noted, and analysis of the crude
reaction mixture by 1H NMR spectroscopy shows the release of free MesPDIMe in solution.
This result indicates a large driving force towards the polymerization of the UO3, leading
to its precipitation from solution.
These findings are quite significant given the ubiquity of strong trans OUO
complexes, and the need for methods for activation and degradation of these uranyl
complexes. This research would suggest that incorporation of a heavily ʌ-donating
ligands of the appropriate energy could result in an analogous activation of the strong
trans ı-bonding manifold that is ever present in high valent uranium.

2.3.3 Synthesis via Imido Reduction
During the course of our studies on the imido complexes, it was found that by
reducing the an imido complex in the presence of azide, one could traverse the imido
complexes 5, 6, and 7. Addition of single equivalent of KC8 to a stirring solution
containing a mixture of N3Mes and 5 resulted in immediate effervescence of N2 and,
following a quick workup, the crude material was found to solely contain 6 as judged by
1

H NMR. The analogous reaction performed with a single equivalent of 6, a single

equivalent of N3Mes and a single equivalent of KC8 results in the immediate formation of
7, as determined by 1H NMR spectroscopy. Traversing multiple oxidation states is also
possible when mixing of two equivalents N3Mes and 5 followed by the addition of two
equivalents of KC8, resulting in the formation of 7. This synthetic method allowed for a
more direct method for the synthesis of 10. Addition of 2 equivalents of KC8 to a solution
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containing a single equivalent of 5 and two equivalents of N3DIPP resulted in immediate
isolation of 10 as judged by 1H NMR spectroscopy

Scheme 2.5. Formation of 5, 6, and 7 by sequential reductions of imido complexes in the
presence of N3Mes.

2.3.4 Reductive Elimination

2.3.4.1 Reactivity with Alkyl Salts
In a similar fashion as was done with the uranium amidophenolate system,9 we
sought to investigate the ability of 1 - 3 to perform reductive elimination. In this light we
sought the synthesis of a

Mes

PDIMe-supported uranium alkyl complex capable of

performing reductive elimination was investigated. To begin, a solution of 2 was treated
with two equivalents of KCH2Ph in THF at -109 ºC and the solution was warmed to RT.
Following a quick workup, analysis of the crude reaction mixture by 1H NMR
spectroscopy revealed the quantitative formation of 4, as determined by 1H NMR
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spectroscopy. Also noted in the crude reaction mixture was the formation of
PhCH2CH2Ph, suggesting a possible reductive elimination from the uranium center.
However, repeating this reaction with only a single equivalent of KCH2Ph, produced half
an equivalent of PhCH2CH2Ph, with 3 as the uranium based product. This evidence
would suggest that alkylation of 2 results in alkyl radical extrusion, rather than direct
reductive elimination with radical recombination of organics in solution to give the
coupled products. In a similar fashion as was done with 2, treatment of 1 or 3 with single
equivalents of KCH2Ph at low temperatures also results in reduction, giving 2 or 4 as the
sole uranium products, respectively, with formation of PhCH2CH2Ph.
Analogous to the reactivity with KCH2Ph, a number of alkyl reagent can be used
as reductants as a replacement for KC8. Addition of single equivalents alkyl lithium (LiR;
R = n-Bu, t-Bu, CH2SiMe3) or alkyl sodium (NaR; R = CH2SiMe3, CH2Ph) reagents to
newly thawed THF solutions of 1, 2, or 3 results in the immediate formation of 2, 3, or 4
respectively. Multi-electron steps can also be accomplished using the appropriate amount
of alkyl salt in the same manner as with graphite based reductants.
While this reactivity is quite interesting, this method for the formation of
complexes 2 – 4 does not represent the highest yielding or most effective method for their
formation. Do to the necessity for low temperatures and the slow manner of its addition,
the use of alkyl salts as reductants is not the most viable synthesis of this series.
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Scheme 2.6. Synthesis of 1 - 4 via addition of alkyl salts.

2.4 Conclusion
In summary, we have shown the ability of 2 - 4 to perform both oxidative addition
and reductive elimination. Treating 2, 3, and 4 with organoazides results in the
corresponding mono-, bis- and tris(imido) derivatives, respectively. In each case,
complete oxidation of the pyridine(diimine) ligand occurs, producing imido species that
are supported by neutral MesPDIMe chelates. Of particular interest to the community is the
oxidation of 4 leading to the formation of a novel class of uranium tris(imido) complexes.
The U(NR)3 manifold is unprecedented for actinide species, demonstrating that oxidation
of uranium species bearing reduced redox-active ligands is an effective route towards the
formation of previously unobserved moieties. These tris(imido) species are monomeric
and soluble in organic solvents, making them convenient synthons to study the molecular
chemistry of heavily S loaded uranium centers. Computational studies show that the
uranium tris(imido) species display less covalent character in the U=E multiple bond
when compared to the tri(oxo) analogue.
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It has also been shown that treatment of 1, 2, and 3 with alkyl salts results in

reduction, with the formation of U-alkyl species as a likely intermediate. Radical
extrusion from the proposed intermediate yields the reduced product and eventually leads
the coupled organic products.
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CHAPTER 3: SYNTHESIS AND CHARACTERIZATION OF U-IMIDO
COMPLEXES.

3.1 Introduction
In the realm of transition metals chemistry, it has long been shown that M=E bonds
are involved in a number of highly important catalytic transformations, natural processes
included, that take advantage of highly reactive M=E multiple bonds. These complexes are
thought to be intermediates in some of the highest profile reactivity in the catalysis
community, most notably for their involvement in a number of complex
oxidation/reduction, C-H activation, olefin metathesis, and hydroamination/silylation
reactions.1-4 For the chemistry of uranium, the study of U=E multiple bonds has been one
of the largest areas of focus, due in part to the ubiquity of uranium oxides and in particular
the uranyl ion, [UO2]2+. This field of research has flourished over the past 20 years, with
numerous U=E species characterized.5 One of the primary driving forces for the study of
the U=E bond, it has been shown, has been the degree of 5f orbital incorporation into the
multiple bonding motif.
This high degree of 5f orbital involvement is the result of an orbital mixing effect
termed as the “inverse trans influence” (ITI), to which we have previously made mention.
The ITI is unique to late actinides and uranium chemistry, and is the origin for the
Parts of this work have been recreated from Angew. Chem. Int. Ed., 2015, 54, 9386-9389
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preferential trans orientation of multiply bonded substituents, often witnessed in these
complexes. This is particularly true for high oxidation state (U(V)/(VI)) complexes, such
as the UO22+ and U(NR)22+ frameworks, which are characterized by very strong, highly
inert trans multiply bonded complexes. The preference for trans multiply bonded
substituents is contrary to the bonding in transition metal chemistry, which often prefer the
cis orientation of multiply bonded substituents.
As we have alluded to in Chapter 1, uranium has a peculiar electronic makeup, and
due to energetic similarities the U 5f and 6d orbitals often mix to form hybrid 6d-5f orbitals
that participate in bonding. This orbital mixing is also seen to occur between core 6p
orbitals on uranium, which are of similar radial extent as the 5f and the 6d. Due to the radial
extent of the core 6p orbital, antibonding interactions with strong ı-donor ligands can
occur, as is the case with the uranyl ion. In order to overcome this strong ı*-interaction
between the 6p and the two 2p orbitals of the oxo ligands, 6p electron density is seen to
mix with that of the empty 5fz3 orbital of the opposite phase. This mixing of core and
valence orbitals results in the formation of a hole in the 6p shell, of approximately 0.1 to
0.2 electrons, and can be used as a diagnostic tool for identifying the ITI computationally
(vida supra).6,7
This 6p-5f hybrid orbital is truncated along the z-axis with respect to the free 5fz3
orbital, and is quite a bit lower in energy and results in extremely short and very strong
U=E multiple bonds. For this reason, the [UO2]2+ ion is extremely difficult to activate and
even more difficult to functionalize. This orbital mixing is very similar to second order
Jahn-Teller effects observed for ions with filled d-shells. In these cases, mixing of the filled
dz2-orbital with the vacant s-orbital leads to truncation along the z-axis, with repulsion
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about the xy-plane. As a result of this mixing, d10 ions are often seen to take on linear
coordination geometries, exemplified in Cu2O, [Ag(CN)2]-, Hg(CH3)2 and [Tl(CH3)2]+.8
In this light, the activation of the ITI witnessed in the bonding of the uranium
tris(imido) complexes 7, 8, and 9 is quite significant and the synthesis and study of other
uranium tris(imido) complexes is of great importance to this field. In order to accomplish
this, synthesis of tris(imido) complexes absent the MesPDIMe ligand is essential. However,
the tight coordination of the MesPDIMe ligand makes it irremovable from the uranium ion.
For this reason, we have targeted a synthesis of these tris(imido) complexes absent the use
of redox active ligands.
There are numerous synthetic routes towards the formation of U=N bonds to be
found in the literature which do not require the use of RAL’s. The first uranium imido
complex, Cp3U(NPh) synthesized by Andersen9 and coworkers via the reduction of N3Ph
by the trivalent Cp*3U, showed for the first time that uranium was capable of forming
multiple bonds with elements other than oxygen. Since this discovery, there have been
numerous examples of uranium imido complexes being synthesized in the U(VI), U(V),
and U(VI) oxidation states taking advantage of the highly stable Cp*2U framework. These
routes have furnished a number of U(IV) mono(imido), cis-U(VI) bis(imido) and imidooxo complexes, through simple deprotonation and Į-hydrogen abstraction.10,11 However,
these complexes are highly thermally stable, and no reports in which removal of the Cpligands would provide a viable route for the formation of a uranium tris(imido).
In 2005, Boncella and coworkers reported the synthesis of the first imido analogue
of the uranyl ion (THF)nUI2(NR)2 (R = tBu, n = 2; R = Ph, n = 3), via addition of amide
and anilide salts to U(IV) halides followed by subsequent oxidation with I2.12 Since then a
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number of these complexes have been synthesized and characterized.13 However, these
complexes have been shown to be highly inert, and quite resistant to functionalization
about the equatorial plane.14
A more promising synthetic route comes from the group of Burns and coworkers,
as an alternative method towards the formation of Cp2U(NR)2.15 In this report, reduction
of Cp2UCl2 with sodium metal in the presence of a number N3R complexes leads to the
eventual formation of the hexavalent Cp2U(NR)2. This is similar to the serial reduction of
5, in which single electrons from reductant and the uranium center cooperatively reduce
the azide, forming the U=N bond. With respect to the formation of the uranium tris(imido)
complexes, it was hypothesized that by starting with low valent uranium halide complexes,
absent the bis-Cp framework, the third imido bond could be installed.

3.2 Experimental
General Considerations. All air- and moisture-sensitive manipulations were performed
by using standard Schlenk techniques or in an MBraun inert atmosphere drybox with an
atmosphere of purified nitrogen. The MBraun drybox was equipped with a coldwell
designed for freezing samples in liquid nitrogen as well as two í35 °C freezers for cooling
samples and crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated by using literature procedures.16 Benzene-d6, CDCl3, toluene-d8, and
pyridine-d5 were purchased from Cambridge Isotope Laboratories, dried with molecular
sieves, and degassed by three freeze–pump–thaw cycles. MesPDIMe,17 UCl4,18
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UI4(p-dioxane)219 and UI3(THF)420 were prepared according to literature procedures.
Rubidium and cesium graphite were prepared using similar synthetic methods used for the
preparation of potassium graphite.21
1

H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at

299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H
(residual) chemical shifts of the solvent as a secondary standard. The spectra for
paramagnetic molecules were obtained by using an acquisition time of 0.5, thus the peak
widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR data are
reported with the chemical shift, followed by the peak width at half height in hertz, the
integration value, and where possible, the peak assignment. Solid-state magnetic moments
were collected using a Quantum Design Multi-Property Measurement System (MPMS-7)
from 2–300 K at 2 T and at 2 K from 0–7 T. Gelatin capsules were used to hold the samples
for measurement. Prior to loading samples, the capsules were pre-treated for 48 h with
hexamethyldisilazane vapor followed by drying under dynamic vacuum at 100 ºC for 24
h. Capsules prepared in this manner were tested using dilute THF solutions of potassiumbenzophenone indicator without loss of color, indicating the capsules were thoroughly
dried. The samples were massed to the nearest 0.1 mg in an inert atmosphere (N2) drybox
using a calibrated and leveled Mettler-Toledo AL-204 analytical balance. The samples,
contained in the closed gelatin capsules and enclosed in drinking straws for measurement,
were transferred to the MPMS under inert atmosphere and immediately loaded into the
inert atmosphere of the measurement chamber with three evacuation/purge cycles.
Corrections for the intrinsic diamagnetism of the samples were made using Pascal’s
constants.22 Electronic absorption measurements were recorded at 294 K in THF in sealed
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1 cm quartz cuvettes with data collection being performed on a Jasco V-6700
spectrophotometer. All voltammetric data were obtained under inert atmosphere conditions
using external electrical ports of the MBraun inert drybox. All data were obtained using a
Gamry Instruments Interface 1000 model potentiostat using the Gamry Instruments
Laboratory software on a Windows 7 model laptop. All samples were collected in either
THF with 0.2 M [Bu4N][PF6] supporting electrolyte concentration and a variable (1-20
mM) concentration of substrate. Typical data were collected using internal resistance
compensation of approximately 1000 ohm (~80-90 % solution resistance). Solutions were
obtained in 4 dram cells, consisting of a 3mm glassy carbon working electrode, a Pt wire
counter electrode, and a Ag wire quasi-reference electrode. When applicable, potential
corrections were performed at the end of the experiment using the Fc0/+ couple as the
internal standard.
Single crystals for X-ray diffraction were coated with poly(isobutylene) oil in a
glovebox and quickly transferred to the goniometer head of either a Rigaku Rapid II image
plate diffractometer equipped with a MicroMax002+ high intensity copper X-ray source
with confocal optics, or a Nonius KappaCCD diffractometer with a molybdenum source
equipped with a graphite crystal, incident beam monochromator Preliminary examination
and data collection were performed with either Cu KĮ radiation (Ȝ = 1.54184 Å) or Mo KĮ
radiation (Ȝ = 0.71073 Å). Cell constants for data collection were obtained from leastsquares refinement. The space group was identified using the program XPREP.23 The






115

structures were solved using the structure solution program PATTY in DIRDIFF99.24
Refinement was performed on a LINUX PC using SHELX-97.23 The data were collected
at a temperature of 150(1) K.
Closed shell DFT calculations were carried out with the ADF 2013 package while
employing the scalar-relativistic Zeroth order regular approximation (ZORA) with allelectron Slater type basis sets of triple-ȗ quality with two polarization functions (TZ2P).
This combination of basis set and the scalar-relativistic approximation has been shown to
provide accurate descriptions of the structural, bonding, electronic and magnetic properties
of actinide species when employed with appropriate functionals within the Kohn-Sham
density functional theory (DFT) formalism. The geometries have been optimized at the
PBE/ZORA/TZ2P level. This notation describes the density functional, scalar-relativistic
approximation as well as the type and quality of the basis sets employed in the calculations.
The geometry optimizations were carried out without any symmetry constraints. For 20-Li
– 20-Cs, in order to compare the energy difference between the three isomers, the squareplane and tetrahedron structures are optimized under constraints, where the U and N atoms
are fixed to hold either square-plane or tetrahedron shape with U-N distances equal that of
the see-saw structure. An integration parameter of 6.0 was employed for all the
calculations. Geometry optimizations were followed by vibrational frequency analyses
using the harmonic approximation. The vibrational frequency calculations were used to
determine the nature of the optimized structures on the corresponding potential energy
surfaces. In all cases, the calculations were continued until geometry optimization (Energy:
1×10-3 Hartrees and 1×10-3 Hartree/ǖ) and energy convergence criteria were attained.
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The Gaussian 09 package was employed to perform the calculation using hybrid

DFT functional PBE0. The small-core quasi-relativistic pseudo-potential ECP60MWB and
associated ECP60MWB-SEG valence basis sets were applied to the U atom to take into
account the relativistic effects. This ECP has been shown to provide good accuracy and
cheap calculations. It is known to reproduce the results obtained with all-electron basis sets
while using either the Douglas-Kroll-Hess Hamiltonian or ZORA or even full relativistic
Dirac equations. The def2-TZVPP basis set was used for the light atoms, i.e. H, C, N, and
O atoms. This approach has been successfully used in previous theoretical calculations for
uranium encapsulated fullerene systems.
Samples of 20-Li, 20-Cs, 11 and 8 were analyzed by U L3,2-edge X-ray measurements.
Samples were prepared under a nitrogen atmosphere. The samples were diluted with boron
nitride (BN), which was dried at elevated temperature (200 °C) under vacuum (10-3 Torr)
for 24 h prior to use. A mixture of the analyte and BN were weighed out, such that the edge
jump for the absorbing atom was calculated to be at 1 absorption length in transmission (~
30 to 50 mg of sample and 50 to 30 mg of BN). Samples were ground using a Wiggle Bug
® using a Teflon bead and a polycarbontate capsule. The finely ground powders were
pressed as a pellet into a slotted aluminum sample holder equipped with a Kapton windows
(1 mil), one was fixed with super glue and the other was Kapton tape. This primary holder
was nested within a secondary aluminum holder equipped with Kapton (2 mil) windows
that were sealed with indium wire. The samples were sealed in ziplock bags, placed in
sealed in polypropylene jars, and shipped to SSRL. Once unpackaged, the samples were
immediately attached to the coldfinger of a liquid N2 cryostat and quickly evacuated (10-7
Torr). The cryostat was attached to the beamline 11-2 XAFS rail (SSRL), which was
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equipped with three ionization chambers through which nitrogen gas was continually
flowed. One chamber (10 cm) was positioned before the cryostat to monitor the incident
radiation (I0). The second chamber (30 cm) was positioned after the cryostat so that sample
transmission (I1) could be evaluated against I0 and so that the absorption coefficient (ȝ)
could be calculated as ln(I0/I1). The third chamber (I2; 30 cm) was positioned downstream
from I1 so that the XANES of a calibration foil could be measured against I1. A potential
of 1600 V were applied in series to the ionization chambers. Samples were calibrated insitu to the energy of the first inflection point of the K-edge of an yttrium foil (17038.4 eV).
The X-ray absorption near edge spectra (XANES) and were measured at the Stanford
Synchrotron Radiation Lightsource (SSRL), under dedicated operating conditions (3.0
GeV, 5%, 500 mA using continuous topoff injections) on end station 11-2. This beamline,
which was equipped with a 26-pole, 2.0 tesla wiggler, utilized a liquid nitrogen-cooled
double-crystal Si[220] monochromator and employed collimating and focusing mirrors. A
single energy was selected from the white beam with a liquid-N2-cooled double-crystal
monochromator utilizing Si[220] (ĳ = 0) crystals. Harmonic rejection was achieved by
detuning the second crystal of the monochrometer by 35% at 17766 eV. The horizontal and
vertical slit sizes were 10 and 1 mm, respectively.

Synthesis of aryl azides. All aryl azides were synthesized via a modified version of a
literature preparation.25 A 250 mL Erlenmeyer flask was charged with aniline (56 mmol)
was dissolved in acetonitrile (75 mL) and cooled to 0 ºC in an ice bath. To this was added
tert-Butyl nitrite (72 mmol) while stirring, resulting in a slight yellow coloration of the
solution. Immediately following this addition, azidotrimethylsilane (67 mmol) was added






118

in a dropwise fashion, resulting in the effervescence of dinitrogen, and the solution was
allowed to continue stirring for 1 hour. After 1 hour, the solution was removed from the
ice bath and allowed to warm to room temperature over a 2-hour time period. Solvent and
excess reagents were removed in vacuo. The resulting product was purified by a silica
column with n-hexane as the eluent.
Synthesis of (THF)3U(NDIPP)3 (11). A 20 mL scintillation vial was charged with
UI3(THF)4 (0.500 g, 0.551 mmol) which was dissolved in ~15 mL of THF. To this solution,
3 equivalents of 2,6-diisopropylphenyl azide (0.336 g, 1.653 mmol) was added and allowed
to stir thoroughly. Once mixed, 3 equivalents of KC8 (0.223 g, 1.653 mmol) were slowly
added (10-15 mg at a time), over a 15-minute time period. Each addition of reductant is
noted by the vigorous release of dinitrogen and brown coloration of the solution. This
solution was stirred for an additional hour. Filtration through celite and removal of the
solvent afforded a jet-black powdery solid identified as (THF)3U(NDIPP)3 (11) in good
yield. (Yield; 0.457 g, 0.466 mmol, 84%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.63
(d, 3J(H,H) = 6 Hz, 36H), 4.63 (t, 3J(H,H) = 6 Hz, 3H), 5.40 (sept, 3J(H,H) = 6 Hz, 6H),
7.98 (d, 3J(H,H) = 6 Hz, 6H); (300 MHz, C7D8, 25 ºC, TMS) į = 1.63 (d, 3J(H,H) = 6Hz,
36H), 4.63 (t, 3J(H,H) = 6 Hz, 3H), 5.40 (sept, 3J(H,H) = 6 Hz, 6H), 7.98 (d, 3J(H,H) = 6
Hz, 6H);

13

C NMR (300 MHz, C6D6, 25 ºC, TMS) į = 25.99 (iPrCH), 27.38 (iPrCH3),

113.65 (m-CH), 130.9 (p-CH), 146.80 (i-C), 166.72 (o-C); IR (KBr plate): = 3049 (w),
2957 (vs), 2866 (s), 1582(w), 1461 (s), 1414 (s), 1382 (w), 1314 (s), 1240 (vs), 1205 (s),
1109 (w), 863 (w), 748 (s); analysis (calcd., found for C36H51N3U): C (56.61, 56.54), H
(6.73, 6.81), N (5.50, 5.42).
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Preparation of 11 from 12-DIPP. A 20 mL scintillation vial was charged with 12-DIPP
(100 mg, 0.113 mmol), which was dissolved in 10 mL THF. To this solution was added 2
equivalents of N3DIPP (46 mg, 0.226 mmol) followed by the slow addition of two
equivalents of KC8 (30 mg, 0.226 momol). Following a 1-hour reaction time the solution
was filtered and the solvent was removed in vacuo. The formation of 11 was confirmed by
1

H NMR spectroscopy.

Preparation of 11 from 15-DIPP. A 20 mL scintillation vial was charged with 15-DIPP
(100 mg, 0.094 mmol), which was dissolved in 10 mL THF. To this solution was added a
single equivalent of N3DIPP (19 mg, 0.094 mmol) followed by the slow addition of two
equivalents of KC8 (25 mg, 0.188 mmol). Following a 1-hour reaction time the solution
was filtered and the solvent was removed in vacuo. Confirmation towards the formation of
11 was accomplished by 1H NMR spectroscopy.
Preperation of 11 from 16. A 20 mL scintillation vial was charged with 15 (100 mg, 0.096
mmol), which was dissolved in 10 mL THF. To this solution was added a single equivalent
of N3DIPP (20 mg, 0.096 mmol) followed by the slow addition of KC8 (13 mg, 0.096
momol). Following a 1-hour reaction time the solution was filtered and the solvent was
removed in vacuo. Confirmation towards the formation of 11 was accomplished by 1H
NMR spectroscopy.
Preparation of (THF)xUI2(NR) (12a-X). The following procedure is representative of all
12-X complexes. A 20 mL scintillation vial was charged with a single equivalent of
UI3(THF)4 (0.100 g, 0.110 mmol) which was dissolved in THF (~10 mL). To this was
added a single equivalent of aryl azide (0.110 mmol) and the reaction was stirred for 5
minutes. To this solution was added a single equivalent of KC8 (0.014 g, 0.110 mmol)
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slowly over the course of 2 minutes. Each addition of reductant resulted in a brown
coloration of the solution along with the effervescence of N2. Following a 1-hour reaction
time, the solution was filtered and the solvent was removed in vacuo. The resulting solid
was isolated and characterized by 1H NMR spectroscopy.
UI2(NDIPP)(THF)4 (12-DIPP) (Yield; 0.095 g, 0.099 mmol, 90%).
[UI2(NMes)(THF)2]2 (12-Mes) (Yield; 0.079 g, 0.051 mmol, 93%). 1H NMR (300 MHz,
C6D6) į = -21.15 (16, 6H, o-CH3), 25.66 (14, 6H, p-CH3), 30.49 (10, 2H, Ar-CH); analysis
(calcd., found for C35H47N3I2UO2): C (26.54, 26.46), H (3.54, 3.38), N (1.82, 1.97).
[UI2(NpTol)(THF)2]2 (12-pTol) (Yield; 0.070 g, 0.047 mmol, 86%). 1H NMR (300 MHz,
C5D5N) į = 9.08 (102, 2H, o-ArH), 25.88 (24, 3H, p-CH3), 80.68 (62, 2H, m-ArH),;
analysis (calcd., found for C35H47N3I2UO2): C (24.14, 24.03), H (3.78, 3.60), N (1.88,
2.01).
[UI2(NpOMe)(THF)2]2 (12a-pOMe) (Yield; 0.075 g, 0.049 mmol, 89%). 1H NMR (300
MHz, C5D5N) į = -15.53 (102, 2H, o-ArH), 12.32 (24, 3H, p-CH3), 32.85 (62, 2H, m-ArH);
analysis pending.
UI2(NPh*)(THF)2 (12-Ph*) (Yield; 0.095 g, 0.085 mmol, 85%). 1H NMR (300 MHz, C6D6)
į = -72.20 (22, 2H), -48.51 (31, 3H), -29.31 (22, 3H), -18.25 (22, 6H), 16.01 (25, 2H) 16.45
(25, 2H), 30.25 (26, 6H), 43.33 (12, 1H). analysis (calcd., found for C35H47N3I2UO2): C
(39.89, 39.76), H (4.29, 4.27), N (1.45, 1.43).
Preparation of (THF)xUCl2(NR) (13-X). The following procedure is representative of all
12-X complexes. A 20 mL scintillation vial was charged with a single equivalent of UCl4
(0.050 g, 0.131 mmol) which was dissolved in THF (~10 mL). To this was added a single
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equivalent of aryl azide (0.131 mmol) and the reaction was stirred for 5 minutes. To this
solution was added a single equivalent of KC8 (0.035 g, 0.262 mmol) slowly over the course
of 5 minutes. Each addition of reductant resulted in a brown coloration of the solution along
with the effervescence of N2. Following a one-hour reaction time, the solution was filtered
and the solvent was removed in vacuo. The resulting solid was isolated and characterized
by 1H NMR spectroscopy.
[UCl2(NDIPP)(THF)2]2 (13-DIPP) (Yield; 0.076 g, 0.060 mmol, 92%). 1H NMR (300
MHz, C5D5N) į = 13.92 (16, 12H, iPrCH3), 30.10 (7, 1H, p-Ar-CH), 54.56 (10, 2H, m-ArCH), 68.42 (20, 1H, iPrCH).
[UCl2(NMes)(THF)2]2 (13-Mes) (Yield; 0.065 g, 0.055 mmol, 84%). 1H NMR (300 MHz,
C5D5N) į = -20.49 (16, 6H, o-CH3), 18.42 (7, 3H, p-CH3), 20.80 (6, 2H, Ar-CH); analysis
pending.
[UCl2(NpTol)(THF)2]2 (13-pTol) (Yield; 0.067 g, 0.060 mmol, 91%). 1H NMR (300 MHz,
C6D6) į = -5.53 (102, 2H, o-ArH), 14.32 (24, 3H, p-CH3), 16.76 (62, 2H, m-ArH); analysis
pending
UCl2(NPh*)(pyr)4 (13-Ph*) (Yield; 0.110 g, 0.115 mmol, 87%). 1H NMR (300 MHz,
pyridine-d5) į = -8.58 (16, 6H, p-CH3), -4.61 (7, 4H, m-Ar-H), 15.30 (4, 1H, Ar-CH), 20.07
(30, 12H, o-CH3) 53.85 (11, 2H, Ar-CH), analysis pending.
Preparation of 14-X and 15-X. All 14-X and 15-X complexes were synthesized in the
following manner; A 50 mL receiving flask was charged with a single equivalent of 12-X
or 13-X (0.100 mmol) which was dissolved in 15 mL of THF. To this was added a single
equivalent of the corresponding aryl azide (0.100 mmol) and the reaction was stirred for 5
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minutes. The receiving flask was sealed, removed from the glovebox, and placed in an oil
bath to heat to 50 ºC for 24 hours while stirring. The flask was attached to the Schlenk line
and excess solvent was removed in vacuo. Dried product was removed brought back into
the glovebox for further workup and analysis.
UI2(NDIPP)2(THF)3 (14-DIPP) (Yield; 0.100 g, 0.094 mmol, 94%).
UI2(NMes)2(THF)2 (14-Mes) (Yield; 0.080 g, 0.088 mmol, 88%). 1H NMR (300 MHz,
C6D6) į = 1.96 (s, 12H, o-CH3), 2.22 (s, 6H, p-CH3), 6.74 (s, 4H, Ar-CH); analysis pending
UI2(NpTol)2(THF)2 (14-pTol) (Yield; 0.086 g, 0.093 mmol, 93%). 1H NMR (300 MHz,
C6D6) į = 2.56 (s, 6H, p-CH3), 6.12 (bs, 4H, Ar-H), 6.53 (s, 4H, Ar-H); analysis pending.
UI2(NpOMe)2(THF)2 (14-pOMe) (Yield; 0.087 g, 0.091 mmol, 91%). 1H NMR (300 MHz,
C6D6) į = 3.14 (s, 9H, p-OCH3), 6.09 (d, 3J(H,H) = 7 Hz,6H, Ar-H), 6.52 (d, 3J(H,H) = 7
Hz, 6H, Ar-H); analysis pending.
UCl2(NDIPP)2(THF)2 (15-DIPP) (Yield; 0.072 g, 0.082 mmol, 82%). 1H NMR (300 MHz,
C6D6) į = 1.44 (d, 3J(H,H) = 6 Hz), 24H, iPrCH3), 4.65 (bs, 4H, iPrCH), 5.62 (bs, 2H, pArH), 7.05 (d, 3J(H,H) = 6 Hz) 4H, m-ArH); analysis pending.
UCl2(NMes)2(THF)2 (15-Mes) (Yield; 0.069 g, 0.087 mmol, 87%). 1H NMR (300 MHz,
C5D5N) į = 2.77 (s, 6H, p-CH3), 6.03 (d, 3J(H,H) = 6 Hz, 4H, o-ArH), 6.94 (d, 3J(H,H) = 6
Hz, 4H, m-ArH); analysis pending.
UCl2(NpTol)2(THF)2 (15-pTol) (Yield; 0.067 g, 0.091 mmol, 91%). 1H NMR (300 MHz,
C5D5N) į = 2.77 (s, 6H, p-CH3), 6.03 (d, 3J(H,H) = 6 Hz, 4H, o-ArH), 6.94 (d, 3J(H,H) = 6
Hz, 4H, m-ArH); analysis pending.
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Synthesis of [(THF)2UI(NDIPP)2]2 (16) A 20 mL scintillation vial was charged with a
single equivalent of 14-DIPP (100 mg, 0.093 mmol) and this was dissolved in THF (10
mL). To this stirring solution was added a single equivalent of KC8 (13 mg, 0.093 mmol)
and this was let to stir for 1 hour. The solution was filtered and the solvents were removed
in vacuo collecting a dark brown solid identified as [(THF)2UI(NDIPP)2]2 (16). (Yield; 75
mg, .087 mmol, 93%) 1H NMR (300 MHz, C6D6) į = -55.02 (35, 2H), -15.95 (56, 24H), 8.71 (32, 8H), -1.65 (45, 8H) 12.46 (36, 4H), 28.68 (34, 4H); analysis pending.
Synthesis of 17-X A 20 mL scintillation vial was charged with UI3(THF)4 (0.500 g, 0.551
mmol) which was dissolved in ~15 mL of THF. To this solution, 3 equivalents of aryl azide
(1.653 mmol) was added and allowed to stir thoroughly. Once mixed, 3 equivalents of KC8
(0.223 g, 1.653 mmol) were slowly added (10-15 mg at a time), over a 15-minute time
period. Each addition of reductant is noted by the vigorous release of dinitrogen and brown
coloration of the solution. This solution was stirred for an additional hour. Filtration
through celite and removal of the solvent affords the product.
(THF)3U(NMes)3 (17-Mes) (Yield; 0.385 g, 0.450 mmol, 82%). 1H NMR (300 MHz,
CDCl3) į = 2.14 (s, 12H, o-CH3), 2.19 (s, 9H, p-CH3), 6.75 (s, 6H, Ar-CH); analysis
pending.
(THF)3U(NpTol)3 (17-pTol) (Yield; 0.365 g, 0.474 mmol, 86%). 1H NMR (300 MHz,
C6D6) į = 1.98 (s, 9H, p-CH3), 7.00 (d, 3J(H,H) = 7 Hz, 6H, Ar-H), 8.04 (d, 3J(H,H) = 7 Hz,
6H, Ar-H); analysis (calcd., found for C33H45N3UO3): C (48.00, 47.68), H (4.67, 4.51), N
(6.72, 6.58).
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(THF)3U(NpOMe)3 (17-pOMe) (Yield; 0.365 g, 0.450 mmol, 81%). 1H NMR (300 MHz,
C6D6) į = 3.21 (s, 9H, p-OCH3), 6.79 (d, 3J(H,H) = 7 Hz,6H, Ar-H), 8.12 (d, 3J(H,H) = 7
Hz, 6H, Ar-H); analysis pending.
Synthesis of [K(Et2O)]2[U(NDIPP)3]2 (18). A 20 mL scintillation vial was charged with
11 (0.250 g, 0.255 mmol), which was dissolved in 10 mL of diethylether. To this dark
brown solution was added 1 equivalent of KC8 (0.035 g, 0.255 mmol), and the reaction
was stirred for 30 minutes. Filtration of the solution and removal of the solvent in vacuo
afforded a dark brown powdery solid identified as 18 in good yield. (Yield; 0.200 g, 0.109
mmol, 86%) 1H NMR (300 MHz, C6D6) į = -16.81 (88, 24H, iPrCH3), -14.49 (20, 4H,
iPrCH), -5.56 (88, 24H, iPrCH3), -4.27 (17, 2H, p-ArH), -1.01 (35, 2H, iPrCH), -0.60 (9,
2H, p-ArH), 1.16 (2, 12H, OCH2CH3), 3.33 (2, 8H, OCH2CH3), 7.87 (7, 8H, m-ArH), 11.14
(78, 12H, iPrCH3), 15.85 (6, 8H, m-ArH); IR (KBr plate): = 3040 (w), 2955 (vs), 2864 (s),
1578 (s), 1459 (s), 1402 (vs), 1317 (vs), 1255 (vs), 1237 (vs), 1205 (s), 1111 (w), 894 (s),
864 (w), 750 (s); analysis (calcd; found for C85H138K2N6O2U2): C (55.78, 55.39), H (7.60,
7.39), N (4.59, 4.95).
Synthesis of (THF)3U(NDIPP)2(NHDIPP)2 (20-H). A 20 mL scintillation vial was
charged with a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in
toluene. To this was added a single equivalent of NH2DIPP (18 mg, 0.102 mmol) and this
solution was allowed to stir for 4 hours. After which time, the solvent was removed in
vacuo and the remaining dark brown solid could be collected. (Yield; 116 mg, .100 mmol,
98 %) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.21 (d, 3J(H,H) = 6Hz, 12H), 1.38 (d,
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3

J(H,H) = 6Hz, 12H), 3.99 (sept, 3J(H,H) = 6 Hz, 4H), 4.78 (sept, 3J(H,H) = 6 Hz, 4H),

5.53 (t, 3J(H,H) = 6 Hz, 2H), 6.53 (t, 3J(H,H) = 6 Hz, 2H), 7.13 (d, 3J(H,H) = 6 Hz, 4H),
7.56 (d, 3J(H,H) = 6 Hz, 4H), 10.56 (s, 2H); analysis pending.
Synthesis of (bpy)U(NDIPP)2(NHDIPP)2 (20-H-bpy). A 20 mL scintillation vial was
charged with a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in
toluene. To this was added a single equivalent of NH2DIPP (18 mg, 0.102 mmol) and this
solution was allowed to stir for 4 hours. After which time a single equivalent of bpy (15
mg, 0.102 mmol) was added and the solvent was removed in vacuo and the remaining dark
brown solid could be collected. (Yield; 116 mg, .100 mmol, 98 %) 1H NMR (300 MHz,
C6D6, 25 ºC, TMS) į = 0.85 (d, 3J(H,H) = 6Hz, 12H), 1.44 (d, 3J(H,H) = 6Hz, 12H), 3.95
(sept, 3J(H,H) = 6 Hz, 4H), 4.95 (sept, 3J(H,H) = 6 Hz, 4H), 5.46 (t, 3J(H,H) = 6 Hz, 2H),
6.63 (t, 3J(H,H) = 6 Hz, 2H), 7.00 (d, 3J(H,H) = 6 Hz, 4H), 7.12 (s, 2H) 7.51 (s, 2H), 7.61
(d, 3J(H,H) = 6 Hz, 4H), 7.70 (s, 2H), (s, 2H), 10.45 (s, 2H) 10.89 (s, 2H); analysis pending
Synthesis of U(NDIPP)4(Li)2 (20-Li). In a 20 mL scintillation vial, a stirring THF solution
of 11 (100 mg, 0.102 mmol) was added two equivalents of LiNHDIPP (37 mg, 0.204
mmol) with constant stirring. This solution was allowed to stir for an additional 30 minutes.
After which time, volatiles were removed in vacuo, and a dark green/brown solid identified
as [U(NDIPP)4][Li2] (20-Li) could be isolated in near quantitative yield. (Yield; 95 mg,
0.093 mmol, 92.2 %) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.46 (d, 3J(H,H) = 6Hz,
48H), 4.53 (sept, 3J(H,H) = 6 Hz, 8H), 5.56 (t, 3J(H,H) = 6 Hz, 4H), , 7.76 (d, 3J(H,H) = 6
Hz, 8H);

13

C NMR (300 MHz, C6D6, 25 ºC, TMS) į = 25.90 (iPrCH3), 27.05 (iPrCH),

117.68 (m-CH), 124.01 (p-CH), 154.19 (i-C), 156.84 (o-C); IR (KBr plate): = 3046 (w),
2957 (vs), 2866 (s), 1581(w), 1460 (s), 1423 (s), 1408 (w), 1315 (s), 1237 (vs), 1202 (s),
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1110 (w), 895 (w), 747 (s); analysis (calcd., found for C64H100N4Li2O4U): C (62.75, 62.58),
H (8.67, 8.51), N (4.30, 4.36).
Alternative synthesis of 20-Li. In a 20 mL scintillation vial, a solution of 11 (100 mg,
0.102 mmol) was treated with a single equivalent of LiNHDIPP (18 mg, 0.102 mmol) and
let stir for 5 minutes. After such time, the solution was treated with a single equivalent of
LiCH2TMS (10 mg, 0.102 mmol) slowly, and the solution was allowed to stir for an
additional 30 min. Excess solvent was removed in vacuo and 1H NMR analysis of the
material showed formation of 20-Li in good yield (100 mg, 0.098 mmol, 97%)
Alternative synthesis of 20-Li. In a 20 mL scintillation vial, a solution of 20-H (100 mg,
0.086 mmol) was slowly treated with a solution containing two equivalents of LiCH2SiMe3
(16 mg, 0.172 mmol) and stirred for 30 minutes. After such time, the solvent was removed
in vacuo and the leftover product was analyzed by 1H NMR spectroscopy. (Yield; 82 mg,
0.080 mmol, 94%)
Synthesis of U(NDIPP)4(Na)2 (20-Na). In a 20 mL scintillation vial, a stirring THF
solution of 11 (100 mg, 0.102 mmol) was added two equivalents of NaNHDIPP (40 mg,
0.102 mmol) with constant stirring. This solution was allowed to stir for an additional 30
minutes. After which time, volitiles were removed in vacuo, and a dark brown solid
identified as [U(NDIPP)4][Na2] (20-Na) could be isolated in near quantitative yield. (Yield;
103 mg, 0.098 mmol, 97%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.51 (d, 3J(H,H)
= 6Hz, 48H), 4.74 (sept, 3J(H,H) = 6 Hz, 8H), 5.19 (t, 3J(H,H) = 6 Hz, 4H), 7.82 (d, 3J(H,H)
= 6 Hz, 8H); 13C NMR (300 MHz, C6D6, 25 ºC, TMS) į = 26.03 (iPrCH), 26.03 (iPrCH3),
117.24 (m-CH), 122.87 (p-CH), 153.79 (i-C), 160.31 (o-C); IR (KBr plate): = 3043 (w),
2955 (vs), 2865 (s), 1573(w), 1459 (s), 1400 (s), 1356 (w), 1314 (s), 1238 (vs), 1206 (s),
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1107 (w), 886 (w), 745 (s); analysis (calcd., found for C64H100N4Na2O4U): C (59.78,
59.73), H (8.03, 7.94), N (4.65, 4.88).
Alternative synthesis of 20-Na. In a 20 mL scintillation vial, a solution of 11 (100 mg,
0.102 mmol) was treated with a single equivalent of NaNHDIPP (10 mg, 0.102 mmol) and
let stir for 5 minutes. After which time, the solution was treated with a single equivalent of
NaCH2TMS (9 mg, 0.102 mmol), slowly, and the solution was left to stir for an additional
30 min. Excess solvent was removed in vacuo and analysis of the crude material by 1H
NMR spectroscopy revealed near quantitative formation of 20-Na in good yield. (Yield;
103 mg, 0.098 mmol, 97%)
Synthesis of U(NDIPP)4(K)2 (20-K). In a 20 mL scintillation vial, a stirring THF solution
of 11 (100 mg, 0.102 mmol) was added two equivalents of KNHDIPP (44 mg, 0.204 mmol)
with constant stirring. This solution was allowed to stir for an additional 30 minutes. After
which time, volitiles were removed in vacuo, and a dark brown solid identified as
[U(NDIPP)4][K2] (20-K) could be isolated in near quantitative yield. (105 mg, 0.097 mmol,
96%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.49 (d, 3J(H,H) = 6Hz, 48H), 4.66 (sept,
3

J(H,H) = 6 Hz, 8H), 5.07 (t, 3J(H,H) = 6 Hz, 4H), 7.79 (d, 3J(H,H) = 6 Hz, 8H); 13C NMR

(75 MHz, C6D6, 25 ºC, TMS) į = 25.71 (iPrCH), 26.04 (iPrCH3), 117.36 (m-CH), 121.29
(p-CH), 149.29 (i-C), 161.24 (o-C); IR (KBr plate): = 3037 (w), 2954 (vs), 2864 (s),
1575(w), 1459 (s), 1400 (s), 1354 (w), 1314 (s), 1243 (vs), 1134 (w), 895 (w), 747 (s);
analysis (calcd., found for C64H100N4K2O4U): C (56.67, 56.71), H (6.74, 6.67), N (5.51,
5.24).
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Alternative synthesis of 20-K. In a 20 mL scintillation vial, a solution of 11 (100 mg,
0.102 mmol) in THF (10 mL) was treated with a single equivalent of KNHDIPP (22 mg,
0.102 mmol) and let stir for 5 minutes. After which time, the solution was treated with a
single equivalent of KCH2Ph (13 mg, 0.102 mmol), slowly, and the solution was left to stir
for an additional 30 min. Excess solvent was removed in vacuo and analysis of the crude
material by 1H NMR spectroscopy revealed the formation of 20-K in good yield (104 mg,
0.096 mmol, 95%)
Reductive synthesis of 20-K. In a 20 mL scintillation vial, a stirring THF (~10 mL)
solution of 11 (100 mg, 0.102 mmol) was added a single equivalent of KC8 (14 mg, 0.102
mmol) resulting in a slight darkening of the solution. After 5 minutes of vigorous stirring,
a single equivalent of N3DIPP (20 mg, 0.102 mmol) was added to the solution in a dropwise
fashion, with each addition resulting in a vigorous release of N2. Following another 5minute reaction period, a second equivalent of KC8 (14 mg, 0.102 mmol) was added slowly
over several minutes (5-10 mg aliquots), resulting again in effervescence of N2, and the
solution was stirred for an additional 30 minutes. Following filtration and removal of
excess solvent in vacuo, a dark brown solid identified as [U(NDIPP)4][K2] (20-K) could
be isolated in good yield. (Yield; 105 mg, 0.097 mmol, 96%)
Synthesis of U(NDIPP)4(Rb)2 (20-Rb). In a 20 mL scintillation vial, a stirring THF
solution of 11 (100 mg, 0.102 mmol) was added a single equivalent of RbC8 (18 mg, 0.102
mmol), resulting in a darkening of the solution. After 5 minutes of vigorous stirring, a
single equivalent of N3DIPP (20 mg, 0.102 mmol) was added to the solution in a dropwise
fashion. Following another 5 minute reaction period, a second equivalent of RbC8 (18 mg,
0.102 mmol) was added slowly over several minutes (5-10 mg aliquots) and the solution
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was stirred for an additional 30 minutes. Following filtration and removal of excess solvent
in vacuo, a dark brown solid identified as [U(NDIPP)4][Rb2] (20-Rb) could be isolated.
(Yield; 100 mg, 0.085 mmol, 84%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.52 (d,
3

J(H,H) = 6Hz, 48H), 4.73 (sept, 3J(H,H) = 6 Hz, 8H), 5.02 (t, 3J(H,H) = 6 Hz, 4H), 7.81

(d, 3J(H,H) = 6 Hz, 8H); 1H NMR (300 MHz, THFd8, 25 ºC, TMS) į = 1.30 (d, 3J(H,H) =
6Hz, 48H), 4.59 (t, 3J(H,H) = 6 Hz, 4H), 4.73 (sept, 3J(H,H) = 6 Hz, 8H), 7.53 (d, 3J(H,H)
= 6 Hz, 8H); 13C NMR (300 MHz, THFd8, 25 ºC, TMS) į = 26.15 (iPrCH), 26.64 (iPrCH3),
117.22 (m-CH), 120.31 (p-CH), 148.91 (i-C), 163.39 (o-C); IR (KBr plate): = 3039 (w),
2954 (vs), 2863 (s), 1573(w), 1457 (s), 1398 (s), 1352 (w), 1318 (s), 1245 (vs), 1110 (w),
892 (w), 752 (s), 745 (s); analysis (calcd., found for C64H100N4Rb2O4U): C (51.94, 51.78),
H (6.17, 6.16), N (5.05, 5.09).
Synthesis of U(NDIPP)4(Cs)2 (20-Cs). In a 20 mL scintillation vial, a stirring diethyl ether
solution of 11 (100 mg, 0.102 mmol) was added a single equivalent of CsC8 (23 mg, 0.102
mmol), resulting in a darkening of the solution. After 5 minutes of vigorous stirring, a
single equivalent of N3DIPP (20 mg, 0.102 mmol) was added to the solution in a dropwise
fashion. Following another 5-minute reaction period, a second equivalent of CsC8 (23 mg,
0.102 mmol) was added slowly over several minutes (5-10 mg aliquots). The solution was
stirred for an additional 30 minutes, during which time a dark brown solid precipitated
from the solution. Filtration allowed for isolation of this dark solid which was filtered once
more with THF to separate the graphite, allowed for isolation of pure [U(NDIPP)4][Cs2]
(20-Cs) as a dark brown solid, after removal of the volatiles in vacuo. (Yield; 115 mg,
0.089 mmol, 89%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.53 (d, 3J(H,H) = 6Hz,
48H), 4.81 (sept, 3J(H,H) = 6 Hz, 8H), 4.97 (t, 3J(H,H) = 6 Hz, 4H), 7.81 (d, 3J(H,H) = 6
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Hz, 8H); 1H NMR (300 MHz, THFd8, 25 ºC, TMS) į = 1.32 (d, 3J(H,H) = 6Hz, 48H), 4.59
(t, 3J(H,H) = 6 Hz, 4H), 4.77 (sept, 3J(H,H) = 6 Hz, 8H), 7.54 (d, 3J(H,H) = 6 Hz, 8H); 13C
NMR (300 MHz, THFd8, 25 ºC, TMS) į = 26.15 (iPrCH), 26.61 (iPrCH3), 117.42 (m-CH),
119.98 (p-CH), 148.92 (i-C), 163.74 (o-C); IR (KBr plate): = 3040 (w), 2954 (vs), 2864
(s), 1574(w), 1458 (s), 1398 (s), 1352 (w), 1318 (s), 1247 (vs), 1110 (w), 893 (w), 752 (s),
745 (s); analysis (calcd., found for C64H100N4Cs2O4U): C (47.85, 47.99), H (5.69, 5.78), N
(4.65, 4.38).
Synthesis of U(NDIPP)2(N(SiMe3)2)2 (14-DIPP-N*). In a 20 mL scintillation vial, a
stirring THF solution of 12-DIPP (527 mg, 0.510 mmol) was treated with two equivalents
of KN(SiMe3)2 (214 mg, 1.020 mmol), resulting in a bright orange coloration of the
solution. This solution was filtered into a separate vial and to this was added a single
equivalent of N3DIPP (112 mg, 0.510 mmol), resulting in a significant darkening of the
solution and evolution of N2. Following 5-minute reaction period, excess solvent was
removed in vacuo affording U(NDIPP)2(N(SiMe3)2)2 (14-DIPP-N*) as a dark brown solid
(Yield; 402 mg, 0.445 mmol, 85%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = -0.36 (t,
3

J(H,H) = 6 Hz, 2H, p-ArH), 0.66 (s, 45H, SiCH3), 1.70 (d, 3J(H,H) = 6Hz, 24H), 6.38

(sept, 3J(H,H) = 6 Hz, 4H), 9.36 (d, 3J(H,H) = 6 Hz, 4H); analysis pending.
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3.3 Results and Discussion

3.3.1 Preparation of a U(VI) Tris(imido); (THF)3U(NDIPP)3

3.3.1.1 Synthesis and Characterization
Using the formulation of 4 as a formally zero-valent source, we hypothesized that
addition of external reductants to a mixture of a low valent uranium halides and aryl azide
would result in the formation of the desired product. Treating a stirring THF solution of
UI3(THF)4 with three equivalents of N3DIPP followed by the slow addition of three
equivalents of potassium graphite (KC8) over ~20-minute period resulted in a vigorous
effervescence of dinitrogen and a color change to dark brown (Scheme 3.1). Following
filtration through Celite and removal of the volatiles in vacuo, a brown solid presumed to
be U(NDIPP)3 was collected in excellent yield (84%). Further purification of U(NDIPP)3
was accomplished through recrystallization from diethyl ether/pentane solution.






132

Scheme 3.1 Synthesis of 11

1

H NMR spectroscopic characterization (23 °C, benzene-d6) of U(NDIPP)3 shows

a diamagnetic C3v/D3h symmetric complex, with four resonances present for the diisopropyl
phenyl substituents (Figure 3.1). Doublets at 1.63 (36 H) and 7.98 (6H) ppm are assignable
to the iPrCH3 and m-ArH protons, respectively. The iPrCH resonance (6H) is a septet
appearing at 5.40 ppm, while the triplet for the p-CH proton is shifted to 4.63 ppm. Extreme
shifts for the imido protons as compared to the azide diamagnetic reference values has been
noted for 8, and is likely the result of temperature independent paramagnetism (TIP), as
has been observed for uranyl and U(VI) cis-bis(imido) complexes.10,26 Further
confirmation towards the identity of U(NDIPP)3 was accomplished via addition of one
equivalent of MesPDIMe ligand, which resulted in quantitative formation of 8 as determined
by 1H NMR spectroscopy.
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Figure 3.1 1H NMR spectrum of 11 in benzene-d6 at 25 ºC.

Also noted by 1H NMR spectroscopy, was the release of free THF (~2.75 eq. by
integration) upon coordination of the MesPDIMe ligand. As no signals for coordinated THF
were observed in the room temperature 1H NMR spectrum of U(NDIPP)3, variable
temperature NMR spectroscopy was employed to confirm their presence. Cooling a
toluene-d8 solution of U(NDIPP)3 to -40 ºC resolved two resonances at 4.31 and 1.36 ppm
(Figure 3.2), attributed to three coordinated THF molecules for (THF)3U(NDIPP)3 (11). It
should also be noted, that despite their peculiar chemical shifts, resonances displayed by
11 are temperature independent.
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Figure 3.2. Variable temperature 1H NMR spectrum of 11 in toluene-d8 from 20 to -30 ºC.

Analogously, 11 may be synthesized from UCl4 or UI4(1,4-dioxane)2 using three
equivalents of N3DIPP with the slow addition of 4 equivalents of KC8. While analysis of
the crude reaction products reveals the formation of 11, the use of these starting materials
often results small amounts of NH2DIPP and in slightly poorer yields. Both the formation
of aniline and poorer yields are likely the result of azide reduction and subsequent
decomposition, also noted when the reductant is added too quickly in any of these reactions.
As such, all subsequent synthesis of 11 were accomplished with UI3(THF)4 as the starting
material.
The imido substituents in 11 display a sharp vibrational band at 1240 cm-1 with a
smaller shoulder at 1205 cm-1 in the infrared spectrum, consistent with a U=N-C moiety.
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The energy of this absorption is similar to that for trans-UI2(NPh)2(THF)3 (1270 cm-1)12
and calculated for cis-UI2(NPh)2(THF)3 (1260 - 1280 cm-1).27 Interestingly, 11 is highly
stable, with little to no decomposition at room temperature over several days in the solid
state in an inert atmosphere.
To determine the geometry of 11, dark brown crystals suitable for X-ray
crystallographic analysis were grown from a concentrated THF/n-hexane (2:5) solution.
Refinement of the data revealed a distorted octahedral uranium center bearing three imido
ligands and three coordinated THF molecules in a facial orientation, consistent with the
solution phase symmetry (Figure 3.3, Table 3.1). The U-Nimido distances of 1.968(14),
2.000(16), and 2.010(15) Å for U1-N1, U1-N2 and U1-N3, respectively, are on the order
of those previously characterized for uranium(VI) complexes.10,28 The N-U-N angles vary
from 99.7 to 101.6°, and are reminiscent of cis-bis(imido) complexes, which have N-U-N
angles of 96.6(8)° (Cp2*U(NAd)2),15 98.7(4)° (Cp2*U(NPh)2),10 and 103.4(3)°
(Cp2U(NtBu)2).28 Each THF ligand is located trans to an imido ligand, featuring N-U-O
bond angles ranging from 162.2 to 165.9°. Very interestingly, the U-O bond lengths,
ranging from 2.595 – 2.618 Å, are nearly 0.1 Å longer than the typical U(VI)-O dative
interaction. These weak U-O contacts are likely the result of a trans influence, uncommon
in the realm of actinide chemistry, and is likely the cause for their rapid dissociation in
solution. The coordination geometry of 11 is surprising given that 7 - 9 display meridional
orientations with C2V symmetry. The mer-orientation of (MesPDIMe)U(NAr)3 is likely
preferred due to the presence of the planar MesPDIMe ligand and the trans orientation of the
multiply bonded substituents. The cis-multiply bonded ligands in 11 are reminiscent of
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those in [(R3SiOUO)2(L)], where the Pacman ligand enforces a uranyl dimer with cis-oxo
ligands (O-U-O angle of 73.3(2)q).29

Figure 3.3. Molecular structure of 11 with non-carbon atoms displayed at 30% ellipsoid
probability. Hydrogen atoms and outer-sphere solvent molecules have been omitted for
clarity.

Considering the arrangement of only the three imido substituents, the pyramidal
orientation observed for 11 is similar to the molybdenum and tungsten tris(imido)
analogues, (X)Mo(NDIPP)3 and (X)W(NDIPP)3 (X = Cl-, PMe3)30,31 as well as the majority
of M(NR)3 (M = Ti,32 Cr,33 Mn,34 Tc,35 Re35). Their geometries differ with respect to d2
Os(NDIPP)336 and [Re(NDIPP)3]- 37 which display trigonal planar coordination geometries
due to the double occupation of the dz2 orbital.
Further confirmation for the hexavalent nature of 11 comes from the room
temperature analysis by electronic absorption spectroscopy (300 – 2100 nm). 11 displays
broadened absorptions throughout the visible region, typically assigned to ʌ(U=N)




Æ
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ʌ*(U=N) and ʌ(U=N)

Æ

U5f absorptions similar to the U(VI) bis(imido) family.12 As is

expected for a U(VI) 5f 0 ion, the spectrum of 11 lacks any f-f absorptions in the NIR region
(800-2100 nm) (Figure 3.10).
The synthesis of 11 is nearly identical to the formation of 8, both involving the six
electron reduction of three equivalents of N3DIPP. In the synthesis of 11 however, instead
of the reducing equivalents arising from the redox active ligand, the electrons needed to
accomplish this transformation come from the addition of an external reductant. Thus, we
can successfully mimic the reactivity of 4 simply by adding the electrons from an external
source.

Table 3.1 Structural parameters for 11.

Bond
U-N
U-O
N-U-N
N-U-O

Experimental
Distance(Å) / Angle (º)
1.986(14), 2.000(16), 2.010(15)
2.595(13), 2.616(13), 2.618(12)
99.7(5), 99.8(5), 101.6(5)
162.2(4), 162.2(5), 165.9(4)

Calculated
Distance(Å) / Angle (º)
2.006, 2.008, 2.009,
2.699, 2.698, 2.696
104.5, 103.0, 102.4
159.4, 162.4, 161.3

3.3.1.2. Computational Analysis
Given the interesting coordination geometry, computational analysis of 11 was
undertaken in order to compare with the bonding in 7. Geometric optimizations of 11 were
performed at the PBE/ZORA/TZ2P level, which defines the density functional, the scalar
relativistic approximation, and the basis set of the calculation respectively. The lowest
energy conformer of 11 was found to be in agreement with facial coordination geometry
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(Table 3.1). While the calculated U=N bonds show little variation from experimental
parameters (2.006 -2.009 Å), these calculations overestimate the elongation the U-OTHF
bonds with distances ranging between 2.696 – 2.699 Å.

Figure 3.4. Molecular orbitals of 11 (HOMO – HOMO-5). Orbitals are depicted at an
isocontour level of 0.03.

Analysis of the Nalewajski-Mrozek bond order calculations for 11 range between
2.265 and 2.271 and are indicative of double bonds with moderate triple bond character.
These figures compare quite nicely with those for 7 which were found to range between
2.38 and 2.40. In an analogous manner to 7, the molecular orbitals of 11 depict a high
degree of competition for uranium orbital density. Analysis of molecular orbitals shows
that nearly all U-N bonding orbitals display contributions from all three imido nitrogens
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(Figure 3.4). This is best depicted by the HOMO-3 orbital which shows equal contributions
from all three imido nitrogens This competition for orbital electron density is like the cause
for the deviation from the mer multiply bonded formulism. Contributions from the uranium
center are also quite low, with maximum 5f orbital involvement in any of the U-N bonding
orbitals of about 15-16%, a drastic decrease from the 32% 5f incorporation that was seen
in for the [U(NR)2]2+ system.12 It should also be noted that very few sigma bonding
interactions are evident in the molecular orbitals of 11, with ʌ-bonding being the primary
contributor to nearly all of the frontier orbitals of this system.
The facial orientation of the tris(imido) is novel even computationally, which is not
consistent with calculations on uranium tri(oxide). Gas phase calculations, performed at a
number of different computational levels, depict UO3 oriented in a T-shape like fashion,
much like that of 7, with O-U-O bond angles ranging from 158 - 165º.(ref) Given the bond
order, length, and energy similarities between the mer and fac orientations of the U(NR)3
framework, it is likely that the orientation of the imido substituents is due primarily to the
steric interactions of the L type ligands bound, as the presence of the third ʌ-donor removes
preference for the linearity of the UE2 framework.

3.3.2 Step-Wise Synthesis of Uranium Tris(imido) Complexes

3.3.2.1 Synthesis and Characterization of U(IV) Mono(imido) Complexes
Given that the simultaneous formation of all three U=N bonds is highly unlikely; it
is reasonable to assume a step-wise formation of the three U=N bonds in 11 is the probable
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route. Identifying these mono- and bis(imido) intermediates formed in route to 11 will
greatly assist in our understanding the mechanism of formation for which the novel
uranium tris(imido) proceeds.
To begin our investigation, we sought to break down the synthesis of 11 into
elementary steps. Given that the reaction set up begins with the initial mixing of UI3(THF)4
and N3DIPP, the possibility for the formation of a U(V)-mono(imido) complex via direct
oxidation of the trivalent metal center is indeed viable. To probe this, a solution of
UI3(THF)4 in THF was treated with a single equivalent of N3DIPP, and the solution was
stirred for 30 minutes. As was seen with 11, this mixing did not result in the evolution of
N2 or any noticeable color change. Analysis of this solution by 1H NMR spectroscopy
following the removal of the volatiles, also indicates a null reaction, with resonances for
only UI3(THF)4 and N3DIPP present throughout the spectrum. This is in contrast to what
has been seen in the literature when reacting trivalent uranium complexes with organic
azides. In the work by Andersen and coworkers, treatment of trivalent U[N(SiMe3)2]3 with
a single equivalent of either alkyl or aryl azides results in oxidation to the corresponding
(NR)U[N(SiMe3)2]3 complex.9,38 This work is analogous to their previous report with the
formation of Cp3UNPh, starting from the trivalent Cp3U complex.9 This lack of reactivity
is thought to arise from the differences in the electron donating nature of the tris-N(SiMe3)2
and tris-Cp frameworks, and the electron withdrawing nature of the tris(iodo) framework.
While the N(SiMe3)2 and Cp ligands are seen to stabilize the U(V) products, the I- ligands
favor the low valent state.
This lack of reactivity is not surprising however, as we have discussed previously
(vida supra), the typical U(III)/U(IV) redox couples range between approximately -2.5 and
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-1.8 V vs Fc0/+,39 for complexes that bear cyclopentadienyl (Cp) type ligands. However the
U(III)/U(IV) redox couple for UI3(THF)4 is at a much higher potential (-0.67 V vs Fc0/+),40
as the electron withdrawing iodine ligands favor the U(III) oxidation state. In this light,
cyclic voltammetric analysis of a variety of azides was performed. Analysis of N3Ph,
N3pTol, and N3DIPP, by electrochemical analysis shows N3Ar0/- redox couples show
irreversible redox waves at approximately -2.5 V vs Fc. This potential is far below that of
UI3(THF)4, but much closer to the redox potentials of its highly donating analogues, which
might explain the lack of reactivity that is witnessed.
With no reactivity noted between starting materials, we targeted the synthesis of
U(IV)-mono(imido) complexes, analogous to the reactivity of 2. As we have discussed
previously, complex 2 reacts as if it were a formally U(II) species, with four electrons
available for reactivity, two electrons in the MesPDIMe backbone and two electrons on the
uranium center. In order to mimic this reactivity with the trivalent UI3(THF)4 starting
material, it would require the addition of a single equivalent of a reducing agent to produce
the formally “U(II)” reactive species. Given the slow manner in which the addition of
reductant is added in the formation of 11, a stoichiometric addition of reductant may
accurately depict the goings on in solution.
Thus, a solution of UI3(THF)4 and N3DIPP in THF was slowly treated with a single
equivalent of KC8. Upon addition of the reductant much like in the formation of 11, a
drastic coloration of the solution occurred to red/brown, coupled with a vigorous
effervescence of N2. The resulting solution was filtered and the solvent was removed in
vacuo, leaving behind a brown powder, identified as UI2(NDIPP)(THF)4 (12-DIPP) in
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good yield (90%). Analysis by 1H NMR in pyridine-d5 confirms the formation of the
mono(imido) species, as compared to the report by Boncella and coworkers.41
Analysis of the crude material by 1H NMR spectroscopy revealed little to no
formation of any uranium or organic based byproducts formed during the course of the
reaction. This, coupled with the surprisingly high yield, is a marked improvement over the
known preparation, which involves the addition of two equivalents of LiNHDIPP to
UI4(dioxane)2, with release of a single equivalent of NH2DIPP. The aniline byproduct
accompanying this reaction is often difficult to remove and isolation of pure species,
without addition of ancillary ligands, is problematic.42

Scheme 3.2. Formation of U(IV) mono(imido) complexes, (12; X = I, 13; X = Cl)

To test the scope of this reaction, a number of aryl azides were employed using the
same synthetic method. Treatment of a solution containing single equivalents of UI3(THF)4
and N3Mes with a single equivalent of KC8 resulted in a similar effervescence of N2 and a
brown coloration of the solution as was seen for 12-DIPP. Following a similar workup as
before, analysis of the resulting brown powder by 1H NMR spectroscopy revealed a
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spectrum consistent with the formation of [(THF)2UI2(NMes)]2 (12-Mes) with only three
resonances throughout the paramagnetic region of the spectrum. A large resonance at 21.15 ppm integrating to 6H is assigned as the o-Me substituents of the Mes ring. Two
resonances at 25.66 (4H) and 30.49 (2H) ppm, are assigned to the m-ArH and p-Me
resonances respectively. Further conformation towards the identity of 12-Mes \was found
upon treatment of 12-Mes with a single equivalent of MesPDIMe, resulting in the quantitative
formation of 5, as determined by 1H NMR spectroscopy.
Many other mono(imido) complexes can be synthesized in an analogous manner.
Addition of one equivalent of KC8 to a stirring solution of UI3(THF)4 containing either
N3pTol, N3pOMe results in the analogous formation of [UI2(NpTol)(THF)2]2 (12-pTol) or
[UI2(NpOMe)(THF)2]2 (12-pOMe), respectively. Both 12-pTol and 12-pOMe display
similar 1H NMR spectra which are consistent with the formation of U(IV) mono(imido)
complexes.
The true geometry of 12-Mes was determined by analysis of brown/red crystals
grown from a concentrated pentane ether solution by X-ray diffraction (Figure 3.5, Table
3.2). Refinement of the data reveals a dimeric species, with each U center bound by two
bridging imidos substituents, two THF ligands, and two iodine ligands. Ueach uranium
center is seen to bear one short and one long U=N bond, indicating one multiple bonding
interaction and one dative interaction. The short U=N distances U1-N1 (2.088(4) Å) and
U2-N2 (2.109(4) Å) are on the order of other U(IV) mono(imido) complexes in the
literature. The bridging U1-N2 and U2-N1 distances of 2.345(4) and 3.343(4) Å
respectively are on the order of U-N bridging uranium mono(imido) complexes.43
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Figure 3.5. Molecular structure of 12-Mes with non-carbon atoms displayed as 30 %
probability ellipsoids. Hydrogens and outer sphere solvent molecules have been omitted
and carbon atoms have been displayed as spheres for clarity.

As 11 may also be synthesized from UCl4, this reactivity was explored for the
formation of the analogous chloride complexes. Treatment of a solution of UCl4 in THF
with a single equivalent of N3DIPP, followed by the slow addition two equivalents of KC8,
resulted in the analogous effervescence of N2. Following workup, isolation of a light
brown/orange powder identified as [UCl2(NDIPP)(THF)2]2 (13-DIPP) was possible. The
identity of 13-DIPP was confirmed by analysis of the 1H NMR spectrum in pyridine-d5
and comparing it to the original report by Boncella and coworkers.42
Analogous to 12, numerous 13 complexes could be synthesized by the two electron
reduction of a solution of UCl4 and the corresponding azide. A number of azides were
analyzed including; N3Mes, N3pTol and N3pOMe, allowing for the isolation of
[(THF)2UCl2(NMes)]2




(13-Mes),

[(THF)2UCl2(NpTol)]2

(13-pTol),

and
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[(THF)2UCl2(NpOMe)]2 (13-pOMe), respectively. All complexes display paramagnetic 1H
NMR spectra consistent with the formation of uranium mono(imido) complexes, with only
signals for the imido substituents noted throughout in the spectrum.
To truly test the variability of this synthetic method, the use of a sterically
demanding aryl azide, N3Ph* (N3Ph* = 2,6-bis(2,4,6-trimethylphenyl)phenyl azide) was
employed. Using the analogous procedure as was performed with 12-DIPP and 13-DIPP,
addition of the reductant indeed resulted in a similar effervescence and color change.
Following a quick work up isolation of UI2(NPh*)(THF)4 (12-Ph*) and UCl2(NPh*)(THF)4
(13-Ph*) was possible. Analysis of 12-Ph* and 13-Ph* by 1H NMR spectroscopy in
pyridine-d5 confirms the presence of NPh* substituent and are consistent with the formation
of the U(IV) mono(imido) complexes.
To confirm its formation, quality crystals of 13-Ph* were grown from a
concentrated pyridine/ether solution at -34 ºC and analyzed by X-ray diffraction analysis.
Refinement of the data reveals a monomeric, pseudo pentagonal bipyramidal uranium
complex bearing a single NPh* ligand, two chlorides, and four pyridine ligands (Figure 3.6,
Table 3.2). One of the two chloride ligands is oriented trans to the imido substituent while
the other resides in the equatorial plane, however no differences are noted in the U-Cl
distances. The large size of the NPh* ligand likely prevents the dimerization of the
mono(imido) dichloride complex, however, despite its large steric bulk, the U=N distance
of 2.008(6) Å is well within precedent for other U(IV) mono(imido) complexes seen in the
literature.41
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Figure 3.6 Molecular Structure of 13-Ph* with non-carbon atoms displayed as 30%
probability ellipsoids. Carbon atoms have been

It was noted during the formation of the 13-X, that the initial addition of KC8 results
in a flash of bright purple in the solution. This purple species is indicative of the formation
of UCl3(THF)1-2, which bears an intense purple color, much like UI3(THF)4. This was
confirmed by treating a THF solution of UCl4 with a single equivalent of KC8, resulting in
the immediate purple coloration, which following filtration and recrystallization from a
THF/pentane solution, allowed for isolation of UCl3(THF)1-2 in good yield (~85%). The
identity of UCl3(THF)1/2 was confirmed by electronic absorption spectroscopy, comparing
both the energy and peak profile of the 5f-5f transitions in the near infrared region (2100 –
800 nm) to the original report by Moody and Odom.44






147
Confirmation for the U(IV) nature of 12 and 13 was accomplished using electronic

absorption spectroscopy. With select spectra displayed in Figure 3.7, both 12 and 13 show
numerous low molar absorptivity absorptions in the NIR range (800-2100 nm). These
absorptions, assigned as f-f transitions, are a common feature of the 5f 2 U(VI) ion and are
similar to the absorptions seen in 5. The visible region (280–800 nm) of these complexes
are featureless, with only a gradual growth in absorptivity approaching higher energy.

Figure 3.7. Electronic absorption spectroscopy of select U(IV) mono(imido) complexes;
12-DIPP, 12-Mes, 13-Mes and 13-pTol. Solvent overtones (1750 – 1650 nm) have been
removed for clarity.
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Table 3.2 Bond metrics of 12-Mes and 13-Ph*
Complex

12-Mes

U-N
2.088(4)
2.109(4)

2.008
13-Ph*

Distance (Å)
U-Nbridging
U-L (THF, Pyr)
2.345(4)
2.451(4)
2.343(4)
2.581(3)
2.495(4)
2.513(3)
2.644(7)
2.647(7)
2.657(7)
2.666(7)

U-X (Cl, I)
3.0933(4)
3.1035(4)
3.0801(4)
3.0859(4)
2.721(2)
2.759(2)

3.3.2.2 Synthesis and Characterization of Bis(imido) Complexes

3.3.2.2.1 Synthesis of U(VI) Bis(imido) Complex
With the successful formation of the mono(imido) complexes 12 and 13, attention
was focused towards the formation of the second U=N bond. In the same manner as before,
it was postulated that in the presence of the aryl azide 12-DIPP or 13-DIPP may directly
perform the 2 electron reduction of the aryl azide, resulting in the formation of either
(THF)3UI2(NDIPP)2 (14-DIPP)13 or (THF)2UCl2(NDIPP)2 (15-DIPP). To test this
hypothesis, a benzene-d6 solution of 12-DIPP was treated with a single equivalent of
N3DIPP, and stirred for several hours. Analysis of the reaction mixture by 1H NMR
spectroscopy revealed only the presence of mono(imido) and azide starting materials. This
is once again in contrast to literature precedent. In the work of Burns and others, it was
shown that treatment of the Cp*2U(NR) complexes with a single equivalent of aryl of alkyl
azide results in the two electron oxidation at uranium and formation of the corresponding
cis-bis(imido) complexes.10 In an analogous manner as the mono(imido) chemistry, we
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believe that the electron withdrawing nature of the iodide ligands prevents the oxidation
from U(IV) to U(VI), with preference towards the low valent oxidation state. This is also
contrary to the reaction of the analogous U(NDIPP)Cl2(tppo)2 and U(NDIPP)Cl2(tBu2bpy)2
complexes, which have been shown to perform the 2 electron oxidation of N-methylmorpholine-N-oxide (NMMO) resulting in the formation of the hexavalent imido oxo
complexes [(tBu2bpy)UCl2(O)(NDIPP)] or (tppo)2UCl2(O)(NDIPP) respectively.43

Scheme 3.3. Formation of U(VI) bis(imido) complexes (X = I, 14; X = Cl, 15).

However, it was found that by heating a benzene-d8 solution containing 12-DIPP
and N3DIPP to ~ 55 ºC over an extended period of time (~24 hr), the metal based oxidation
will proceed, resulting in the slow formation of UI2(NDIPP)2(THF)3 (14-DIPP), as
determined by 1H NMR spectroscopy.13 Large scale preperative reactions can be performed
in THF and while heating to 55 ºC in a receiving flask over a 24-hour period, isolating 14DIPP in excellent yields (94%).
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Much like the chemistry of the mono(imido)’s, we sought to expand the scope of

this reactivity, and several azides were employed to test the ability of 12 and 13 to perform
the two electron reduction of aryl azides. For the iodides, treatment of 12-Mes with a single
equivalent of N3Mes in THF again results in a null reaction at room temperature, however
upon heating, the reaction proceeds to form UI2(NMes)2(THF)3 (14-Mes) in good yields
(84%). Analysis of 14-Mes by 1H NMR spectroscopy reveals three resonances at 1.96, 2.22
and 6.74 ppm corresponding to the o-CH3, p-CH3 and m-ArH resonances, respectively, of
the imido ligand only, no resonances for coordinating THF are seen in solution. Complexes
UI2(NpTol)2(THF)3 (14-pTol) and UI2(NpOMe)2(THF)3 (14-NpOMe) can be made in a
similar fashion. Both species have very similar 1H NMR spectrums, with three resonances
visible corresponding to only the imido ligands. 14-pTol is characterized by a single 6H
resonance at 2.56 ppm and two 4H resonances at 6.12 and 6.53 ppm, corresponding to the
p-CH3, o-ArH, and m-ArH resonances respectively. 14-pOMe displays a 6H resonance at
3.14 ppm along with two 4H resonances at 6.09 and 6.52 ppm, corresponding to the pOCH3, o-ArH, and m-ArH resonances respectively.
While the oxidation of 12 with aryl azides proceeds under relatively mild
conditions, the oxidation of the 13 series is far more difficult, often requiring reaction times
increaced than 24 hr, attributed to the greater electronegativity of the Cl ligand. Despite
these limitations, the formation of a series of UCl2(NR)2(THF)3 complexes, was possible,
albeit increased difficulty. For example, successful formation UCl2(NDIPP)2(THF)2 (15DIPP) was possible after heating a THF solution of 13-DIPP and N3DIPP to 60 ºC for 36
hours. Analysis of 15-DIPP by 1H NMR spectroscopy reveals a similar peak pattern to that
of 14-DIPP, with resonances at 1.44 (24H), 4.65 (4H), 5.62 (2H), and 7.05 (4H) ppm.
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These methods allowed for the isolation and characterization of UCl2(NMes)2(THF)2 (15Mes), UCl2(NpTol)2(THF)2 (15-pTol) and UCl2(NpOMe)2(THF)2 (15-pOMe) all of which
display similar 1H NMR spectra as their bis(iodide) counterparts. The formation of 15 is
significant, as the only other method for their synthesis arises from functionalization of
U(NtBu)2[N(Me)(SO2Ar’)]2(L)x (Ar’ = 4-Me-C6H4; L = OPPh3 or Me2bpy) with ClSi(CH3)3.14
To lend credence to their formation, crystals of 14-pOMe and 15-DIPP were grown
from concentrated THF/pentane solutions at -34 ºC and analyzed by X-ray crystallography
(Figure, 3.8, Table 3.3). Refinement of the data for 14-pOMe reveals the formation of the
seven-coordinate uranium complex bound by two Np-OMe imido ligands, three THF
ligands, and two iodine ligands. As is typical for the hexavalent uranium bis(imido)
complexes, the two imido ligands are coordinated trans to one another with U=N bond
lengths of 1.867(5) and 1.874(5) Å bearing a N-U-N bond angle of 177.3(2)º. These
distances, along with the U-I and U-O bonds, are quite typical of the other reported
bis(imido) bis(iodide) complexes seen in the literature.12,13 Refinement of the data for 15DIPP reveals the formation of a pseudo octahedral uranium complex bearing two DIPP
imido substituents, two chlorides and two THF ligands. 15-DIPP is only the third
crystallographic reported bis(imido) dichloride complex in the literature, with only others
being the dimeric species [U(NtBu)2(Cl)2(Me2bpy)]2 and the monomeric complex
U(NtBu)2(Cl)2(tppo)2.14 The trans-U=N distances of 1.872(3) and 1.868(3) Å are
analogous to those in 14-pOMe and other U(VI) bis(imido) complexes in the literature.12,14
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Figure 3.8. Molecular structures of 14-pOMe and 15-DIPP with non-carbon atoms
displayed as 30%probability ellipsoids. Hydrogens and non-coordinated solvent molecules
have been omitted and carbon atoms have been displayed as spheres for clarity.

Table 3.3 Structural parameters for 14-pOMe and 15-DIPP

Complex

14-pOMe

Distance (Å)

Angle (º)

U-N

U-OTHF

U-X (Cl, I)

N-U-N

1.872(5)

2.418(4)

3.1427(5)

177.3(2)

2.109(4)

2.482(4)

3.1407(5)

2.471(4)
15-DIPP




1.868(3)

2.388(3)

2.6795(10)

1.872(3)

2.406(3)

2.7033(8)

178.49(15)
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3.3.2.2.2 Synthesis of a U(V) Bis(imido) Complex
While the formation of 14 and 15 are highly interesting from a synthetic standpoint,
they are not viable intermediates for the formation of 11. Given the long reaction times and
elevated reaction temperatures needed for their formation, it is unlikely that 14 or 15 are
intermediates in the formation of 11. In this light we sought the formation of a U(V)
bis(imido) complex, UI(NDIPP)2(THF)x (16), in a similar manner to the synthesis of 6. To
accomplish this, a single equivalent of KC8 was added to a solution containing single
equivalents of 12-DIPP and N3DIPP and the reaction was stirred for 1 hour. Following a
short workup, the resulting crude solid was analyzed by 1H NMR spectroscopy which
revealed the presence of a new paramagnetic material believed to be 16, however only as
a minor byproduct, with 11 and 12-DIPP being the major proponents of the mixture.
Repeated attempts at this reaction under differing reaction conditions revealed similar
results, with the presence of a U(V) species as only minor product.
To confirm 16 as the identity of this minor species in this reaction, an alternative
method towards its synthesis was investigated. Thus, addition of a single equivalent of KC8
was added to a THF solution of 14-DIPP, furnishing 16 as a brown black solid in good
yield (93%). Analysis of this complex by 1H NMR reveals the same highly broadened and
paramagnetic product as seen before, characterized by 6 resonances ranging from -55 to 29
ppm. Due to its highly paramagnetic nature, direct assignment of the complex was not
possible. The formation of 16 was confirmed however by the addition of two equivalents
of tBu2bpy to a C6D6 solution 16 furnishing the previously characterized
UI(NDIPP)2(tBu2bpy)2 as determined by 1H NMR spectroscopy.45 With only minor
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amounts of 16 isolated from the reductive oxidation of 12-DIPP, it would suggest 16 as a
possible intermediate in the formation of 11 and that 16 is far more reactive with respect
to KC8 and N3DIPP than 12-DIPP.

Scheme 3.4. Synthesis of 16.

3.3.2.3 Synthesis of Tris(imido) Complexes from Mono and Bis(imido) Complexes
With both the U(IV)-mono- and U(V)-bis(imido) complexes identified as
intermediates, the formation of the final imido bond was investigated. While it was shown
that 12-DIPP served as a viable starting material for the formation of 11 in our attempts to
isolate 16, further proof of was obtained by the addition of two equivalents of KC8 to a
stirring solution containing a single equivalent of 12-DIPP and two equivalents of N3DIPP,
resulting in near quantitative formation of 11, as judged by 1H NMR spectroscopy (Scheme
3.5).
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Due to the U(V) nature of 16, we postulated that the transformation of 16 to 11

could proceed via two separate pathways; the first involving the standard method discussed
herein, with single equivalents of reductant and azide, while the second evokes a
disproportionative pathway, whereby two equivalents of 16 react in concert to reduce the
aryl azide, resulting in equal equivalents of 11 and 14-DIPP. The disproportionation route
is easily ruled out as stoichiometric combinations of 16 and N3DIPP results in no reaction.
Treatment of 16 with single equivalents of N3DIPP and KC8 on the other hand, does result
in the immediate formation of 11, as determined by 1H NMR spectroscopy (Scheme 3.5).
In a similar fashion, treatment of 14-DIPP with a single equivalent of N3DIPP and two
equivalents of KC8 also results in the formation of 11, however this reaction is thought to
procced via initial reduction of the metal center, forming 16, which then proceeds to 11.

Scheme 3.5 Routes towards the formation of 11.
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With the assumption that these stoichiometric reactions act as viable mimics for the

slow addition of reductant in the direct synthesis of 11, the mechanism for the formation
of 11 likely follows the pathway given in Scheme 3.6. Initially upon addition of single
equivalent of KC8 likely results in the formation of the U(IV) mono(imido) complex 12DIPP. Subsequent additions of reductant lead to the eventual formation of the U(V)
bis(imido) complex 16, which quickly reacts with KC8 and the final equivalent of N3DIPP
resulting in the formation of 11. While it is difficult to probe experimentally, given the
immeasurable U3+/4+ and U4+/5+ reduction potentials of 12-DIPP and 16 respectively, we
postulate that formation of the [N3DIPP]-1 radical in solution is the reactive species in
solution.

Scheme 3.6. Mechanism for the formation of 11.

3.3.3 Synthesis and characterization of U(NAr)3 Complexes
To test the applicability of the formation of the uranium tris(imido) 11, we sought
the formation other uranium tris(imido) complexes. Following similar protocols for the
direct synthesis of 11, a number of aryl azides were examined for this transformation. Slow
addition of three equivalents of KC8 to stirring solution of UI3(THF)4 and N3Ar (Ar = Mes,
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pTol, pOMe) resulted in the analogous effervescence of N2 and a brown-red coloration. As
was seen with 11, this synthetic method allowed for isolation of a series of U(NAr)3 (17X) (X = Mes, (17-Mes); X = pTol, (17-pTol); X = pOMe, (17-pOMe)) complexes.
Analysis of 17-X by 1H NMR spectroscopy reveal all diamagnetic spectra, with the
appropriate number of resonances. Both 17-pTol and 17-pOMe display very similar 1H
NMR spectra, with only three resonances in the diamagnetic region arising from only the
imido substituents. 17-pTol is characterized by a single 3H resonance at 1.98 and two 2H
doublets at 7.00 and 8.04 ppm and 17-pOMe displays by a 3H singlet at 3.21 ppm with
two doublets at 6.79 and 8.12 ppm. Interestingly, 17-Mes is insoluble in benzene, however
analysis in CDCl3, reveals three resonances, accounting for the resonances of the Mes
imido substituents at 2.14 (o-Me), 2.19 (p-Me) and 6.75 ppm (ArH).

Scheme 3.7. Formation of U(VI) tris(imido) complexes, 17.

In line with the reactivity of 11, all 17 complexes can be synthesized from their
mono and bis(imido) counterparts. Starting from either 12 or 13, addition of 2 equivalents
of the corresponding N3Ar and 2 equivalents of KC8 results in the analogous transformation
to 17, as judged by 1H NMR spectroscopy. Analogously, starting with 14 or 15, treatment
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with a single equivalent of the appropriate N3Ar followed by two equivalents of KC8,
allowed for near quantitative conversion to 17. This reactivity highlights the applicability
of this synthesis, being able to transform simple and relatively inert mono- and bis(imido)
complexes to their more complex and much more reactive tris(imido) counterparts (vida
infra).
Despite numerous attempts at their crystallization, X-ray quality crystals of any of
the 17 series could not be obtained. For this reason, further proof for their formation was
sought through spectroscopy and subsequent reactivity (vida infra). Analysis of 17-X by
infrared spectroscopy revealed nearly identical spectra as was seen for 11 (Figure 3.9).
Sharp bands at ~1240 cm-1 are indicative of hexavalent U=N-C coupled stretching
frequencies
Analysis of these tris(imido) complexes by electronic absorption spectroscopy
reveals similar absorptions as is noted in 11. As seen in Figure 3.10, the near infrared region
of the spectrum (2100 – 1000 nm) lacks notable absorptions, typical for a U(VI) 5f 0 ion,
while the UV and visible regions display broadened transitions, typical of ʌ(U=N) Æ
ʌ*(U=N) and ʌ(U=N) Æ U5f transitions, similar to the absorption profile of the U(VI)
bis(imido) family and 11.27
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Figure 3.9. Vibrational spectroscopy of 17-Mes (top) and 17-pTol (bottom).

Figure 3.10 Electronic absorption spectra of 11, 17-Mes and 17-pTol.
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3.3.4 Synthesis of a U(V) Tris(Imido) Complex
To further the chemistry of the tris(imido) system, 11 was analyzed through

electrochemical methods. Analysis of 11 revealed a pseudo-reversible reduction wave at –
2.14 V vs Fc, indicating the formation of a U(V) tris(imido) species. (Figure 3.11)
Chemical reduction of 11 was accomplished using a single equivalent of KC8 which,
following workup, a brown powder assigned as [K(Et2O)]2[U(NDIPP)3]2 (18) (86%)
(Scheme 3.8). Analysis of 18 by 1H NMR spectroscopy showed a paramagnetically
broadened and shifted spectrum with eleven resonances, suggestive of C2v symmetry.
Three resonances at 11.11, -5.56, and -16.81 ppm corresponding to the iPr-CH3 protons,
are substantially broadened with respect to the rest of the spectrum, with slight broadening
noted for the corresponding iPrCH resonances at -14.39 and -0.97 ppm. Two signals at
7.87 and 15.85 ppm, integrating to 2H and 4H respectively, are assigned to the m-ArH
signals of the two distinctive imido substituents. The corresponding p-ArH signals are
found at -0.60 nad -4.27 ppm integrating to 2H and 1H respectively and two resonances
for coordinated diethyl ether molecules can be found at 1.16 and 3.33 ppm. The infrared
spectrum of 18 shows an intense characteristic absorption at 1237 cm-1 with a small
shoulder at 1255 cm-1 in accord with presence of inequivalent U=N-C moieties.
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Figure 3.11 Cyclic voltammogram of 11 at varying scan rates from 50-1000 mV/s (right)
and differential pulse voltammogram of 11 (left), which shows a pseudo reversible
reduction wave at -2.14 V vs Fc0/I. The experiment was carried out in 0.2 M
tetrabutylammonium hexafluorophosphate electrolyte, with an approximate concentration
of 11 at 3 mM.
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Scheme 3.8 Synthesis of 18.

Confirmation for the formation of 18 was accomplished by X-ray diffraction, using
brown crystals grown from a concentrated diethyl ether/pentane (2:1) mixture at -35 ºC.
Refinement of the data revealed a dimeric uranium tris(imido) dianion (Figure 3.12, Table
3.4) in which two of the imido aryl rings coordinate two potassium cations in an Ș3-type
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fashion. Diethyl ether molecules complete the coordination sphere of these cations. With
two terminal and one bridging imido units, the molecular structure of 18, mirrors the
asymmetry seen in the 1H NMR spectrum, indicating that 18 likely remains dimeric in
solution. As expected for the larger U(V) ion, the three U-Nimido bonds are longer as
compared to 11, with distances of 2.122(7) (U-N1), 2.036(8) (U-N2) and 2.085(8) (U-N3)
Å and longer still than other U(V) bis(imido) complexes seen in the literature.45
Examination of the monomeric unit shows a three-coordinate, pseudo-trigonal pyramidal
uranium with three imido substituents cis to each other displaying N-U-N bond angles
ranging from 96.4º to 115.3º, reminiscent of U(N(SiMe3)2)3.46

Figure 3.12. Molecular structure of 18 with non-carbon atoms displayed at 30% ellipsoid
probability. Hydrogen atoms and outer-sphere solvent molecules have been omitted for
clarity.
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Table 3.4 Structural parameters for 18.
Complex
18

Distance (Å)
U-N
2.036(7)
2.085(8)
2.122(6)

U-Nbridge
2.371(6)

Angle (º)
N-U-N
96.4(3)
100.6(3)
115.3(3)

The dimeric U2N2 core is asymmetric, bearing a center of inversion, displaying a
long bridging U1-N1bridge distance of 2.371(6) Å that compares well with the analogous UN bonds for the U(V) trans-bis(imido) [U(NtBu)2(I)(tBu2bpy)]2.47 The bond angles in 18
are notable in that there is no true trans-imido interaction, as the nearest to linear (N2-U1N1bridge) has a significantly more acute angle of 142.3(3)º, and is between a bridging imido
substituent. This is in striking contrast to 6 and [U(NtBu)2(I)(tBu2bpy)]2 where trans imido
substituents display respective angles of 170.6(2)º48 and 166.6(2)º. Furthermore, the
bridging imido substituents in 18 display U1-N1-C10 bonding angles of 155.5(5)º, larger
than that observed for the analogous bridging imido in [U(NtBu)2(I)(tBu2bpy)]2 (130.5(4)º).
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Figure 3.13. Electronic absorption spectra of 11 (black) and 18 (blue). The near-IR region
of the spectrum (1000-2100 nm) has been expanded in the inset to show the f-f transition.

To compare the electronic structures of 11 and 18, electronic absorption
spectroscopy from 2800 – 2100 nm (Figure 3.13) was employed. Both complexes display
similar absorption profiles with a gradual increase in molar absorptivity approaching higher
energies, reminiscent of 7, 8, and 9. The absorptions throughout the visible region are likely
due to a combination of ʌ(U=N) Æ ʌ*(U=N) and ʌ(U=N) Æ U5f transitions, as for the
absorption profile of the U(VI) bis(imido) family.27 The spectrum of 18 however displays
a weak but sharp f-f transition at 1658 nm, characteristic for U(V), 5f 1 ions,49 and nearly
identical to that seen in 6.
Given its dimeric U5f

1

nature, the magnetic properties of 18 were evaluated by

collecting temperature-dependent magnetic data on solid samples between 2 - 300 K
(Figure 3.14). The ȤT versus T data achieved a value of 1.46 emu K mol-1 (ȝeff = 3.42 ȝB)
at 300 K, which was nearly identical to the value of 1.48 emu K mol-1 (ȝeff = 3.44 ȝB)
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reported for [U(NtBu)2(I)(tBu2bpy)]2.47 The large ȤT value was attributed to TIP and
corroborates the positive slope of the linear ȤT versus T (high temperature) regime.50 An
estimate of the ȤTIP = 1.5 × 10-3 emu mol-1 was obtained from a linear fit of the slope in ȤT
versus T in the 140300 K range.

Figure 3.14, ȤT vs. T (right) and Ȥ vs. T plot (left) of temperature-dependent magnetic data
collected for 18.

Anti-ferromagnetic (AF) coupling between 5f 1 centers was observed between the
two 2F5/2 U(V) centers in dimeric [U(NtBu)2(I)(tBu2bpy)]2 in which a maximum in the Ȥ
versus T data at 13 K was achieved. This coupling was ascribed to ʌ-bonding between two
trans-[U(=NtBu)2]+ moieties, which allowed for magnetic communication, namely AF
coupling, between the 5f1 centers. However, no evidence for AF coupling was evident for
18 from the Ȥ versus T data, despite the short U-U distance at 3.5968(6) Å in the solid state.
We postulate that the absence of trans-imido substituents in 18 eliminates the ʌ-bonding
network that allowed for magnetic communication between the two U centers that was seen






166

in [U(NtBu)2(I)(tBu2bpy)]2. This is supported by the increase toward linearity of the U-NC angle in 18, which evidently disfavors communication between the two 5f 1 centers.
This single electron reduction and the formation of 18 was found to be chemically
reversible through the addition of a single equivalent of I2, which produced 11 in
quantitative yields. This oxidation could also be accomplished through the addition of a
number of alkyl iodides (MeI, EtI, BuI) which resulted in the formation of single
equivalents of 11 and the alkyl coupled R-R products. The formation of the coupled
products was confirmed by 1H NMR tube experiments between 18 and BuI in benzene-d6,
which show immediate formation of octane in solution.

3.3.5 Synthesis of U(VI) Tetrakis(Imido) Complexes
The destabilization of the orbitals responsible for the ITI witnessed in 7 – 9, and
the deviation from the preferred trans-orientation of multiple bonds displayed in 11 and
18, are highly unique, and are some of the only examples in which the preference of the
ITI has been overcome. In the literature, only a small class of uranium oxides, M4UO5 (M
= Li, Na), are characterized as deviating from the O-U-O framework. These complexes,
colloquially known as the ‘anti-uranyl’ display four strong U-O interactions, in a [UO4]2
type formulism. Unfortunately, the bonding of these ‘anti-uranyl’ complexes is not well
understood, being part of extended solid state structures and unobservable in solution.51,52
However, given the relatively low steric bulk about 11, it was believed that incorporation
of a fourth imido substituent and generate a monomeric soluble analogue [U(NR)4]-2, might
be possible.
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Synthesis of a uranium tetrakis(imido) complex would be of great significance,

given only five known transition-metal tetrakis(imido) complexes in the literature to date
are known, all bearing the tert-Bu imido substituent. These complexes lie in groups 6 - 8
on the periodic table, including Cr,53 Mo,54 W,54,55 Mn,56 Re,55 and Os53 , synthesized in
the late 1980’s and early 1990’s in a collaborative effort between the research groups of
Hursthouse and Wilkinson. Of the six known species, only the W, Mn, and Re complexes
have been crystallographically characterized. These [M(NtBu)4]x complexes are
characterized as having tetrahedral coordination geometries about the metal center, with
close association of the counterion/s to the imido nitrogens.
In searching for viable synthetic routes it was found that the most common method
for their synthesis was via deprotonation of the bis(imido) bis(amido) complexes,
(tBuN)2M(NHtBu)2, using 2 equivalents of an metal alkyl salt. This poses a problem for
uranium however, as the synthesis of bis(imido) bis(amido) complexes are historically
quite difficult to accomplish by standard methods. This is highlighted in the work of
Boncella and coworkers, as the addition of a number of MNHR (M= Li, Na, K) salts to the
UI2(NR)2 complexes yields no reaction14, a trend that seems to hold for most [E=U=E]2+
complexes. Only one bis(imido) bis(amido), U(NR)2(NHR)2 complex has been
synthesized,

using

electron

deficient

sulfonamide

salts,

isolation

of

U(NtBu)2[N(Me)(SO2Ar’)]2(L)x (Ar’ = 4-Me-C6H4; L = OPPh3 or Me2bpy) could be
accomplished through salt metathesis.57 The success of this reaction is due to the electron
withdrawing nature of the sulfonyl group, removing the ʌ-component to the U-Namide bond,
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which are known to destabilized the orbital overlap along the equatorial position.58 To
overcome these difficulties, we sought the synthesis of a uranium bis(imido) bis(anilido)
complex through protonation of 11 using NH2DIPP.

3.3.5.1 Deprotonation
To start, a single equivalent of NH2DIPP was added to a C6D6 solution of 11 and
the reaction was monitored by 1H NMR spectroscopy (Scheme 3.9). Analysis by 1H NMR
spectroscopy revealed 9 signals throughout the diamagnetic region of the spectrum
consistent with the desired product U(NDIPP)2(NHDIPP)2 (20-H). The spectrum is
characterized by two sets of DIPP resonances, with iPrCH3 signals at 1.21 and 1.38 ppm,
iPrCH resonances at 3.99 and 4.78 ppm, p-ArH signals at 5.53 and 6.53 ppm, and m-ArH
signals at 7.13 and 7.56 ppm. A final 2H resonance appears as a singlet at 10.56 ppm and
is assigned as the amine bound protons (Figure 3.15). Similar to 11, complex 20-H does
not display resonances for coordinated THF ligands, however, as free THF is not noted in
NMR tube experiments, we postulate the true formulation of 20-H to be
(THF)3U(NDIPP)2(NHDIPP)2.
While the formation of 20-H is noted immediately in solution upon the addition of
NH2DIPP, the presence of 11 is seen to persist despite extended reaction periods and
addition of excess NH2DIPP. This seemed to suggest that 20-H and 11 were in equilibrium
with one another. Indeed, using varying equivalents of NH2DIPP, an equilibrium constant
of 2.41 could be obtained, with the reaction lying heavily towards the formation of 20-H.
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Scheme 3.9. Equilibrium between 11 and 20-H, and formation of 20-H-bpy.

Figure 3.15. 1H NMR spectrum of the equilibrium between 11, NH2DIPP, and 20-H.

Likely due this equilibrium, attempts at the crystallization of 20-H from a variety
of different solvent combinations were met much difficulty. It was found however, that
addition of 2,2’-bipyridine (bpy) to a solution of 20-H allowed for the isolation of
(bpy)U(NDIPP)2(NHDIPP)2 (20-H-bpy) in near quantitative yields. Analysis of 20-H-bpy
by 1H NMR spectroscopy revealed a similar but shifted spectrum as was seen with 20-H,
with two sets of NDIPP resonances, absent the presence of 11. We postulate that
incorporation of bpy ligand relieves steric pressure applied by the coordination of the three
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THF ligands, thus, allowing for complete conversion to the bis(imido) bis(anilido) product.
In the opposite sense, this reaction can be driven in the direction of the tris(imido) through
addition of the bulky

Mes

PDIMe ligand, which results in extrusion of NH2DIPP and

formation of 8.
In removing the equilibrium, quality crystals of 20-H-bpy could be isolated and
analyzed by single crystal XRD. Refinement of the data reveals 20-H-bpy as a pseudo
octahedral uranium center with two imido, two amido, and bpy ligand (Figure 3.16, Table
3.5). 20-H-bpy is the first characterized homoleptic bis(imido) bis(anilido) complex to be
found in the literature. The two imido bonds, related by a N-U-N bonding angle of
175.8(3)º, display short bond distances of 1.923(6) and 1.943(7) Å respectively. These
distances are slightly elongated from other hexavalent U(VI) bis(imido) complexes,
possibly due to the ʌ-donation of the amide ligands. For what is believed to be due to steric
reasons, the U1-N1-C10 bond angle of 154.5(6), is highly distorted from the common
linear U-N-C geometry. The two uranium-amide bonds, are cis to one another (121.8(3)º)
and display U-N bond distances of 2.282(7) and 2.301(7) Å respectively. These distances
are

shortened

quite

substantially

from

those

displayed

by

(Me2bpy)U(NtBu)2[N(Me)(SO2Ar’)]2, of 2.502 and 2.459 Å, likely due to the increased
electron donor ability of nature of the anilide substituent. The U-N-C bonding angles found
for the amide linkages of 144.1(6) and 148.1(6)º, for U1-N3-C30 and U1-N4-C40
respectively, are deviated substantially from the expected 120 or 109º of trigonal planar or
tetrahedral geometries, suggesting substantial ʌ-donation to the metal center from the
equatorial substituents.
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Figure 3.16. Molecular structure of 20-H-bpy with non-carbon atoms displayed as 30%
probability ellipsoids. Carbon atoms have been depicted as spheres and select hydrogen
atoms have been removed for clarity.

With the successful isolation of 20-H, deprotonation experiments analogous to
those seen for [M(NtBu)4]x were ensued. To a THF solution of 20-H was slowly added a
solution containing two equivalents of LiCH2SiMe3 and the reaction mixture was stirred
for 1 hour. Following the removal of solvent, a green/brown powder identified as
[Li]2[U(NDIPP)4] (20-Li) could be isolated in good yields (92%). Analysis of 20-Li by 1H
NMR spectroscopy, reveals four signals corresponding to the four DIPP substituents,
indicating either Td or D4h symmetry in solution. Two doublet resonances appearing at 1.46
(48H) and 7.76 (8H) ppm, are assigned to the iPr-CH3 and m-ArH resonances respectively.
A 8H resonance at 4.55 ppm, appearing as a pentet, is assigned to the iPr-CH functionality,
while a triplet at 5.56 ppm is assigned to the p-ArH protons.
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Scheme 3.10 Synthesis of 20 via deprotonation of 20-H.

In a similar fashion as was done for the formation of 20-Li, addition of two
equivalents of either NaCH2SiMe3 or KCH2Ph allowed for isolation of [Na]2[U(NDIPP)4]
(20-Na) or [K]2[U(NDIPP)4] (20-K) respectively. Analysis of 20-Na and 20-K by 1H NMR
spectroscopy reveals formation of similar looking products as 20-Li, with iPrCH3, iPrCH,
p-ArH, and m-ArH resonances for both 20-Na and 20-K appearing in nearly the same shift
as they do in 20-Li.
Alternatively, the synthesis of 20 could be accomplished without 20-H as an
intermediate, by direct addition of the alkali-anilide salts to 11. Addition of two equivalents
of either LiNHDIPP, NaNHDIPP, or KNHDIPP to a single equivalent of 11 allowed for
isolation of 20-Li, 20-Na or 20-K respectively, with the release of a single equivalent of
free NH2DIPP. Unfortunately, while the addition of anilide salts allows for a far more
simplistic synthesis, the single equivalent of NH2DIPP released in this reaction is difficult
to separate from 20 in solution and attempts at crystallization in the presence of NH2DIPP
do not afford crystals of 20. Instead, as was seen with 11 and NH2DIPP, the reaction with
20 and NH2DIPP at low temperatures results in the crystallization of a uranium tris(imido)
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bis(anilido) complex [M]2[U(NDIPP)3(NHDIPP)2] (21) (Scheme 3.11). Crystallization of
either 20-Li or 20-K in the presence of a single equivalent of NH2DIPP from concentrated
THF/pentane solutions allowed for isolation of brown crystals of 21-Li and 21-K
respectively. Refinement of X-ray diffraction data collected on crystals of both 21-Li and
21-K reveals pseudo pentagonal bipyramidal uranium complexes, bound by five NDIPP
substituents, three imido, two amido (Figure 3.17). In the case of 21-Li the two lithium
ions are bound to two of the imido nitrogens, while the larger potassium ions in 21-K are
seen to coordinate in a Ș6-fashion to two of the DIPP rings. In both molecules of 21, the
two trans imido bonds display relatively short U-N distances (21-Li; U1-N1 = 2.005(4),
U1-N2 2.014(4) Å) (21-K; U1-N1 = 2.020(12) and U1-N2 2.023(13) Å). The equatorial
U-Nimido bond is elongated with respect the two trans imido bonds (21-Li; U1-N3 =
2.101(5) Å) (21-K; U1-N3 = 2.050(13) Å), nearly identical to the ITI effect seen in meruranium tris(imido) complexes. The two amide linkages are elongated further (21-Li; U1N4 = 2.283(4), U1-N5 2.427(4) Å) (21-K; U1-N1 = 2.417(13) and U1-N2 2.422(12) Å),
similar to the amide linkages seen in 20-H. Further refinement of the data of 21-Li revealed
H atoms bound to both N4 and N5.
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Figure 3.17. Molecular structures of 21-Li and 21-K with non-carbon atoms displayed as
30% probability ellipsoids. Selected H atoms and outer sphere solvent molecules have been
removed and carbon atoms have been displayed as spheres for clarity.

Despite the crystallization of 21 from solutions of 20 and NH2DIPP, there is no
apparent reaction between the two in the room temperature 1H NMR spectrum. To
investigate this reaction between 20 and NH2DIPP variable temperature 1H NMR
spectroscopy was implemented. In a sealed J. Young 1H NMR tube, single equivalents of
20-Na and NH2DIPP were combined in toluene-d8 and placed in a 300 MHz Brucker cryo
probe NMR spectrometer. The spectrometer was heated to 50 ºC and then cooled to -30 ºC
with measurements taken in 10 ºC increments. At temperatures between 50 and 10 ºC, there
is no evident reaction between the tetrakis(imido) and aniline in solution. As the reaction
cooled however, a new broad species is seen to appear, concurrent with the loss of 20-Na
in solution, most evident at 0 ºC (Figure 3.18).
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Scheme 3.11. Equilibrium between 20 and 21.

These resonances are not witnessed in variable temperature experiments of just 20Na under the same conditions (Figure 3.19). The resonances assigned to the 21-Na forming
in solution are highly broadened, likely due to the dynamic equilibrium of the species, and
was therefore unable to be properly characterized, however the emergence of this species
suggests that coordination of NH2DIPP at decreased temperatures is occurring. The reason
for the lack of reactivity at room temperature is likely due to the increase in molecular
motion that prevents the coordination; however, as the temperature is decreased, the
lessening of molecular motion allows for the binding of NH2DIPP and the formation of 20.
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Figure 3.18. Variable temperature 1H NMR spectra of the reaction between 20-Na and
NH2DIPP.

Figure 3.19. Variable temperature 1H NMR spectra of 20-Na.
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Scheme 3.12. Synthesis of 20 by anilide deprotonation.

In order to directly obtain 20 from 11 absent NH2DIPP, an alternative method for
its synthesis was investigated. Treatment of an ether solution of 11 with a single equivalent
of LiNHDIPP, followed by the slow addition of a single equivalent of LiCH2TMS. Allowed
for isolation of 20-Li in excellent yield (97%), with no NH2DIPP noted in the spectrum
(Scheme3.12). This method for the synthesis of 20 can be applied to the other cations as
well, using NaCH2TMS or KCH2Ph as the alkyl base, allowed for the isolation of pure 20Na (97%) and 20-K (95%), respectively. It should also be noted, that investigating the
stoichiometric combination of 11 and MNHDIPP results initially in formation of a 1:1:1
solution of 20-M, 11, and NH2DIPP. For this reason, slow addition of the alkylating reagent
was found to be necessary as these alkylating reagents have proven to be efficient reducing
agents for 11.
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Table 3.5 Structural parameters for 20-H-bpy, 21-Li and 21-K

Complex

20-H-bpy
Complex
21-Li

21-K

Distance (Å)

Angle (º)

U-Nax

U-Namide

U-Nbpy

N-U-N

1.923(6)

2.282(7)

2.608(8)

175.8(3)

1.943(7)

2.301(5)

2.570(7)

--

U-Nax

U-Neq

U-Namide

N-U-N

2.005(4)

2.101(5)

2.283(4)

174.45(16)

2.014(4)
2.020(12)
2.023(12)

2.427(5)
2.053(13)

2.417(13)

174.0(4)

2.422(12)

3.3.5.2. Synthesis by Reduction
Given the manner in which the mono-, bis- and tris(imido) complexes had been
synthesized, the synthesis of 20 was thought to be possible via the two-electron reduction
of 11 in the presence of N3DIPP. This was confirmed by the slow addition of two
equivalents of KC8 to a stirring solution of 11 and N3DIPP, which resulted in the immediate
effervescence of N2 and the darkening of the solution. Filtration of the graphite and removal
of excess solvent in vacuo allowed for the isolation of 20-K in great yield (96%). This
reductive method for the synthesis of 20 allowed for the isolation of the last two viable
alkali derivatives of 20; [Rb]2[U(NDIPP)4] (20-Rb) and [Cs]2[U(NDIPP)4] (20-Cs), using
RbC8 and CsC8 respectively.
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Scheme 3.13. Reductive synthesis of 20.

Analysis of 20-Rb and 20-Cs by 1H NMR spectroscopy reveal similar spectra as
was observed for 20-Li - 20-K. Very little change in the location of the iPrCH3 and m-ArH
resonances is seen for 20-Rb (1.52 and 7.81 ppm) and 20-Cs (1.53 and 7.80 ppm), as was
seen for other 20 complexes. Signals for the iPrCH3 shifting downfield (20-Rb; 4.73 ppm,
20-Cs; 4.81 ppm) and p-ArH resonances shifting upfield (20-Rb; 5.02 ppm, 20-Cs; 4.97
ppm).

Scheme 3.14. Disproportionation of 18 to 11 and 20-K upon addition of N3DIPP.

In the same manner as the formation of the other uranium imido complexes, we
sought to understand the mechanism by which this reaction proceeds. Much like the
formation of 11 from 14-DIPP, in which 16 was the intermediate, we believed that 18 was
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likely formed as an intermediate during the course of this reaction. Evidence for this was
obtained by the addition of N3DIPP to a solution of 18, resulting in the effervescence of
N2 and formation of a 1:1 mixture of 11 and 20-K, as determined by 1H NMR
spectroscopy. This result suggests a cooperative reduction of the aryl azide and the
formation of the tetrakis(imido) and oxidation to 11 (Scheme 3.14).

3.3.5.3. Electronic Characterization of Uranium Tetrakis(imido) Complexes
During the course of analyzing 20-Li – 20-Cs by 1H NMR spectroscopy, a
significant trend in the location of the resonances was noted. As can be seen in Figure 3.20
and Table 3.6, signals that correspond to the iPrCH and p-ArH protons are seen to
drastically shift depending on the counterion present. The spectrum of 20-Li, bearing the
smallest cation, displays resonances closest to their diamagnetic reference values at 4.55
and 5.56 ppm for the iPrCH and p-ArH resonances, respectively. As the alkali group is
descended to the larger cations, these resonances are seen to move away from their organic
reference, with 20-Cs displaying signals for the iPrCH and p-ArH at 4.81 and 4.97 ppm,
respectively. These shifts appear to coorespond directly with the hardness or softness of
the lewis acid present and thus their ability to remove electron density from the imido
nitrogens. Interestingly, when combining equal parts of two different 20-M complexes in
solution, only a single set of resonances are visible by 1H NMR spectrum, and the signals
appear mid-way between the two pure species.
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Figure 3.20. Stacked 1H NMR spectra of 20 highlighting the movement of the iPrCH and
p-ArH resonances.

This trend is also seen in the electronic absorption spectroscopy of these complexes
(Figure 3.21). As is typical for these hexavalent imido complexes, two large absorptions in
the UV-visible range can be seen at ~400 and 575 nm and are assigned as the ʌ(U=N) ʌ*(U=N) and ʌ(U=N) - 5f transitions. For the 20 series, the cations in these complexes
appear to play a predominant role in the clarity of these transitions. Tight coordination of
the harder cations removes electron density from the U=N bond, resulting in a broadening
of the transition. While the softer, more loosely bound cations do not withdraw as much
electron density from the U=N bond, displaying sharper and more clearly resolved
transition bands Consistent with the hexavalent uranium oxidation state, no signals
through-out the near IR (2100-800 nm) region are observed for any of the complexes in
the series.
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Vibrational spectroscopy of 20-Li – 20-Cs was also used to analyze the energy of

the U=N-C bond. In general hexavalent uranium imido complexes display a coupled U=NC stretch at ~1270 cm-1;12,27 for 11, this vibration appears at 1240 cm-1.59 For 20-Li – 20Cs, the energy of these vibrations trend well with the hardness of the cation present. For
20-Li, containing the hardest cation this U=N-C stretch appears at 1237 cm-1, while the
same vibration for 20-Cs, bearing the softest cation, is shifted higher in energy by 10 cm-1
to 1247 cm-1. All intermittent complexes, 20-Na, 20-K and 20Rb, trend similiarly with an
incremental shift in the vibrational energy of ~2 cm-1 (Table 3.6).

Figure 3.21. Electronic absorption spectra of 20.
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Table 3.6 1H NMR shifts and U=N-C stretching frequency data for 20-Li – 20-Cs

Signal
iPr-CH3
iPr-CH
p-Ar-H
m-Ar-H
Vibration
U=N-C

20-Li

20-Na

1.46
4.55
5.56
7.76

1.45
4.60
5.22
7.79

1237

1239

20-K
Shift (ppm)
1.48
4.66
5.07
7.78
Energy (cm-1)
1243

20-Rb

20-Cs

1.52
4.73
5.02
7.81

1.53
4.81
4.97
7.80

1245

1247

To gain further insight into the electronic structure of the unprecedented U(VI)
tetrakis(imido) dianions, X-ray Absorption Near Edge Spectroscopic measurements were
performed. It has been shown that the energy of the first inflection point of the rising Xray absorption edge can be correlated with the effective nuclear charge of the absorbing
uranium atom;60-65 however, the exact absorption is also dependent on the coordination
geometry and the orbital mixing in a given uranium-ligand bond. Both 20-Li and 20-Cs
were analyzed, as these represent the two extremes in terms of cation donor ability, and
compared to the uranium(VI) standards: 11, 8, [U(NtBu)2Cl4]2-, and [Cs]2[UO2Cl4] (Table
3).66 The inflection point energy of 17,173.0 eV for 20-Li is similar to that observed for
[Cs]2[UO2Cl4] of 17,173.2 eV, suggesting the amount of electron delocalization among the
U(=NR)42- imido bonds is similar to that in UO22+. The value obtained for 20-Li is also on
the order of that for [U(NtBu)2Cl4]2- of 17172.9 eV, suggesting the two additional strongly
ʌ donating imido substituents (along with their counter cations) have a similar effect on the
electronics of the uranium as compared to the four chloride substituents.
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Surprisingly, in considering the cesium analogue, 20-Cs, there is a large shift to

lower energy for the rising edge, by -1.3 eV vs UO22+ and by -1.1 eV vs. 20-Li. While
there is clearly no change in formal oxidation state for the uranium ion in 20-Cs, we
attribute this shift to increased covalency in the U=NR bonds of the Cs salt as compared to
the Li salt. Comparison of the data for 20-Cs to that collected for [U(NtBu)2Cl4]2-, however,
shows a significant shift of -1.0 eV, again supporting a difference in the degree of
covalency. For the uranium tris(imido), 11, a further decrease of the inflection point by 1.7 eV vs UO22+ and -0.4 eV vs 20-Cs is observed, whereas for 8, the inflection point is
shifted to even lower energy (-2.1 eV vs UO22+), likely due to the higher degree of covalent
bonding for the MesPDIMe ligands as compared to the three THF molecules.

Figure 3.22. The U L3-edge XANES spectra of 11, 8, 20-Li and 20-Cs. Cs2UO2Cl4 (pink
trace), 20-Li (red trace), U(=NtBu)2Cl42- (purple trace), 20-Cs (blue trace), 8 (black trace)
and 11 (green trace) collected at 77 K.
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Table 3.7. X-ray Absorption Near Edge Spectroscopic Data for 20-Li and 20-Cs.a

a




Compound

Inflection point at
U L3-edge (eV)

[Cs]2[UO2Cl4]
20-Li
[U(=NtBu)2Cl4]220-Cs
11
8

17,173.2
17,173.0
17172.9
17,171.9
17,171.5
17,171.1

Inflection point at U L3edge minus that of
[Cs]2[UO2Cl4] (eV)
0.0
-0.2
-0.3
-1.3
-1.7
-2.1

Peak position at
U L3-edge (eV)
NA
17,178.4
17,177.5
17,179.8
17,178.0
17,177.3

All data are calibrated against the Y K-edge from an Y foil measure in situ (17,038.4 eV).
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3.3.5.4. Crystallographic Analysis of Uranium Tetrakis(imido)’s

Figure 3.23. Molecular structures of 20-Na, 20-K, 20-Rb and 20-Cs with non-carbon
atoms displayed as 30% probability ellipsoids. Hydrogen atoms and non-coordinated
solvent molecules have been omitted and carbon atoms have been displayed as spheres for
clarity.

Structural characterization for 20-Na – 20-Cs was accomplished using X-ray
crystallography (Figure 3.23, Table 3.8). Compounds 20-K – 20-Cs, crystallized as four
coordinate uranium centers bearing four NDIPP substituents oriented in a pseudo seesaw
type geometry with C2v symmetry, with two “axial” and two “equatorial” imido
substituents. If only considering the imido substituents, 20-Na displays the same seesaw
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geometry; however, crystallization afforded a THF molecule in the coordination sphere,
giving rise to an overall pseudo-trigonal bipyramidal geometry.
All four complexes display very similar U-N distances, ranging from 1.988 to 2.068
Å, and no trend is observed for an axial contraction arising from an inverse trans influence.
In each case, the Nax-U-Nax angles range from 146 in 20-Rb to 163q in 20-Na, whereas the
Neq-U-Neq angles are smaller, with angles ranging from 112 in 20-Na to 119.1q in 20-K
and 20-Cs. In each case, the 20-Na – 20-Cs family show inner sphere incorporation of the
alkali salt with all countercations coordinated to the two closest imido nitrogen atoms, one
axial and one equitorial. The sodium ions in 20-Na are capped by a single molecule of
diethyl ether, creating a monomer in the solid state. In contrast, 20-K and 20-Cs display an
intramolecular Ș6-bonding with the diisopropylphenyl ring of an imido substituent on the
neighboring tetrakis(imido) species, generating a tetrakis(imido) network solid.
Interestingly, the rubidium ions in 20-Rb are between this continuum, where one ion is
capped by three tetrahydrofuran molecules, while the other displays a similar
intramolecular Ș3-bonding with the neighboring diisopropylphenyl ring, generating an
overall chain like structure, spiraling in three dimensions.
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Table 3.8. Bond metrics of 20-Na, 20-K, 20-Rb, and 20-Cs.
20-Na
Bond
U1-N1
U1-N2
U1-N3
U1-N4
U1-O1
U1-M

2.084(3)
2.063(3)
2.059(2)
2.068(3)
2.586(2)
3.3202(12),
3.3494(15

Bond
Nax-U-Nax
Neq-U-Neq

163.01(10)
112.47(10)

20-K
20-Rb
Distance (Å)
2.006(14)
2.038(3)
2.061(13)
2.051(3)
2.005(12)
2.035(3)
1.988(12)
2.039(3)
----3.778(3),
3.9907(4),
3.822(3)
4.0504(4)
Angle (º)
149.0(5)
146.13(11)
119.0(5)
117.63(11)

20-Cs
2.075(4)
2.051(4)
------4.1476(3)

152.4(2)
119.1(2)

3.3.5.5 Computational Analysis
Given the interesting structures found for 20, the electronic structure of these
complexes

was

investigated

computationally.

Computational

modeling

(PBE/ZORA/TZ2P) was employed to analyze the electronic structure of the uranium
tetrakis(imido) complexes 20-Li – 20-Cs. Due to the interesting coordination geometry
adopted by 20, calculations were performed both with and without constraints, forcing
adaptation of tetrahedral and square planar geometries, as these coordination environments
have been observed structurally,65 spectroscopically,

66

and computationally,67 for the

[UO4]-2 ion. The square-planar and tetrahedral structures were optimized with bond lengths
and angles within UN4 cores fixed, and compared to calculations performed absent
constraints. The calculated structural parameters of 20-Li – 20-Cs obtained with the PBE
functional are given in Table 3.10. Absent restraints, DFT calculations show that the four
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NDIPP ligands in the geometry optimized M2[U(NDIPP)4] structures adopt a see-saw
geometry rather than the idealized tetrahedron or square planar geometry with relative
energy differences between isomers displayed in Table 3.9. The calculated see-saw
structures are consistent with the experimentally determined structures, with the maximum
bond length difference of 0.02, 0.14, 0.15, 0.06 Å for 20-Na, 20-K, 2-Rb, and 20-Cs
respectively (Table 3.10). Compared with tetrahedral and square planar isomers, the seesaw isomers have the lowest energy HOMO’s and the largest HOMO-LUMO gaps, relating
to their increased stability.

Table 3.9. Relative energies (kcal/mol) of 20-M, M = Li, Na, K, Rb, Cs, for three isomers
obtained from PBE/ZORA/TZ2P method
Complex
20-Li
20-Na
20-K
20-Rb
20-Cs

C2v
0
0
0
0
0

Td
relative energy (kcal/mol)
32.64
17.80
13.07
8.08
7.55

D4h
10.91
13.82
15.39
15.69
16.09

An interesting trend was noted when comparing the energy differences between the
seesaw and tetrahedral geometries for 20-Li – 20-Cs. As can be seen in Table 3.9, the
difference in energy between the two complexes is lowered substantially as the size of the
cation is increased, with a ǻE = 33.64 kcal/mol calculated for 20-Li, dropping to a ǻE =
7.55 kcal/mol for 20-Cs. This drastic difference traversing the 20 series suggests that the
counterions are directly influencing the coordination geometry of the tetrakis(imido)
complex. The smaller ions require shorter N-M distances and thus show preference for
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smaller Nax-U-Neq angles. While the larger the cation the more tolerant they are of the
changes in the Nax-U-Neq angle given their larger radii. This is significant, as previous
calculations of the UO4-2 ion showed preference towards a Td configuration.67 With this in
mind, calculations were performed on series of tetra(oxo) and tetrakis(imido) dianion
complexes; UO4-2, U(NH)4-2, U(NMe)4-2, U(NPh)4-2, and U(NDIPP)4-2, and their
corresponding neutral complexes; Na2UO4, Na2U(NPh)4, at the PBE/ZORA/TZ2P level
and compared to 20-Li – 20-Cs.

Figure 3.24. Molecular orbitals of 20-Rb; A (HOMO-1) and B (HOMO-5) displaying ʌ
character and C (HOMO-12) displaying ı- character. Orbitals are rendered with an
isocontour value of 0.3.

As can be seen in Table 3.10, bond metrics for all complexes are displayed in their
lowest energy conformer. Calculations of anionic complexes agree with the original report
of UO4-2, and optimize into a Td confirmation, with the exception of U(NDIPP)4-2 which,
for steric reasons, deviates in to a more open conformation, N-U-N angles of 120º, 121º,
109º, and 103º, bearing C2v symmetry. Incorporation of the cation into these calculations,
drastically alters the coordination geometry about uranium center, as to minimize the
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distance between the hetero atom and the cation. For Na2UO4, we see a shift from Td, with
an optimized structure likened to the experimental geometries of 20, but with a larger OU-O bonding angle of 167.1º, appearing more square planar than seesaw in nature. The Td
structure of U(NPh)4-2 is also seen to change, with Na2U(NPh)4 adopting a geometry
likened to 20-Li – 20-Cs, displaying Nax-U-Nax and Neq-U-Neq bonding angles of 163.4º
and 96.1º respectively.

Table 3.10. Experimental bond metrics for UO4-2, U(NMe)4-2, U(NPh)4-2, U(NDIPP)4-2,
Na2UO4, Na2U(NPh)4, and 2-Li – 2-Cs performed at the PBE/ZORA/TZ2P level.

Molecule

Charge

Symmetry

Distance
(Å)

UO4-2
U(NH)4-2
U(NMe)4-2

-2
-2
-2

Td
Td
Td

1.99
2.07
2.08

Eax-UEax
109.5
109.5
109.5

U(NPh)4-2

-2

Pseudo-Td

2.07

110.4

109.5

U(NDIPP)4-2

-2

2.07

123.7

123.8

Na2UO4

0

1.95

167.1

167.1

109.5
109.5
109.5
109.2,
109.5
101.4,
104.1
95.2, 86.2

Na2U(NPh)4

0

2.05

163.4

96.1

98.9, 92.1

2-Li

0

2.06

160.8

114.5

102.2,
88.2

2-Na

0

2.05, 2.06

156.5

112.3

99.7, 93.4

2-K

0

2.06

155.2

117.5

98.4, 94.3

2-Rb

0

2.06

153.4

120.4

98.3, 94.9

2-Cs

0

2.06

152.5

121.2

98.0, 95.4

U=E




Angle (º)

PseudoC2v
C2v
PseudoC2v
PseudoC2v
PseudoC2v
PseudoC2v
PseudoC2v
PseudoC2v

Eeq-UEeq
109.5
109.5
109.4

Eax-U-Eeq
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The Nalewajski-Mrozek valence indices for the U=N bonds for complexes 2-Li –

2-Cs were found to range from 2.00 to 1.98, and are characterized as U-N double bonds
with little to no triple bond character. These values are slightly lower than those calculated
for the uranium tris(imido), 7 (2.18 axial and 2.05 equatorial) and 11 (2.26 – 2.27) which
are characterized as U-N double bonds with some triple bond character.68 Consistent with
the findings in our previous report, we find that valence bond indices for 2 are drastically
smaller than those calculated for both UO4-2 and Na2UO4, with values of 2.34 and 2.39
respectively, characterized as double bonds with significant triple bond character, but lower
than those of the calculated 7-O3 (2.51 axial and 2.67 equatorial). Molecular orbitals for
complexes 2-Li – 2-Cs are nearly identical and select orbitals for 2-Rb are displayed in
Figure 3.24. The U-N bonds for all complexes are composed of two covalent bonds of
predominantly U5f, U 6d, and N 2p orbitals. As was seen in 7 and 11, competition for
uranium based orbitals is high, with U-N bonding orbitals displaying contributions from
all four imido substituents. This large competition for U electron density is likely the source
for the diminished bond orders displayed by 20, when compared to 7 and 11.
These drastic structural changes, which are seen to arise solely from the
coordination of a cation and the sterics about the aryl substituents, suggest that the
electronic preference of the uranium atom contributes little to the coordination geometry
of 20. These findings are significant given the electronic structures of the U(NR)4-2 and
UO4-2 deviate drastically from that of the classical UO2+2 and U(NR)2+2, which display high
degrees of covalency. In these higher order imido complexes, the preference for the trans
multiple bonds, driven by the electronic preferences of the ITI, have been deconstructed,
as the four ʌ-donating substituents destabilize the trans ı-bonding manifold.
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3.3.6 Manipulation of the U(IV)/U(VI) Redox Couples
Given the importance of these higher order imido complexes 20-H, 11, and 20-Li

– 20-Cs, to the uranium community, a more direct route towards their synthesis would be
preferable. As discussed above, while the mixing of uranium 5f and 6p orbitals has been
shown to lower the energy of the V-bonding manifold in the z direction, a secondary effect
is seen, resulting in the occupation of a ʌ-repulsive orbital along the xy plane. This ʌrepulsive nature of these high valent uranium ions can be most easily seen in the
substitution chemistry of the uranyl ion, as strong ʌ-donor ligands are easily substituted for
softer ʌ-donor ligands. This method has been taken advantage of for the formation of a
number of uranyl salts. For example, it has been shown that treatment of UO2Cl2(L)x or
UO2(OSO2CF3)2 with an excess of M-X resulted in the formation of UO2X2(L)x (M = Na,
Ba, or K; X = Br, I; L = H2O, THF).69,70 This can also be seen in the substitution chemistry
of [UI2(NR)2]2+, in which addition of amide salts to these complexes yields no reaction,
likely due to the ʌ-donating nature of the amide ligands. This is seen to the case in our
hands as well, where addition of either primary or secondary amide salts, eg. MNHDIPP
or MN(SiMe3)2 (M = Na or K), to either 14 or 15 results in no reaction. This makes the
synthesis of the higher order imido complexes difficult if we wished to start with a U(VI)
starting material.
However,

inspiration

was

found

with

the

synthesis

of

a

family

UX(NDIPP)2(tBubpy)2 complexes, described by Boncella.45 In this report, addition of 4
equivalents of the LiNHDIPP salt to a stirring solution of UCl4 results in the formation of
either a tetravalent uranium bis(imido) [U(NR)2] complex or a uranium mono(imido)
bis(anilido), [(RN)U(NHR)2], intermediate complex. In what was likely an attempt to
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isolate such a species, the removal of LiCl was attempted by filtration in CH2Cl2, which
interestingly, acted as a single electron oxidant, forming UCl(NDIPP)2(tBubpy)2. This is
somewhat analogous to the synthesis of UI2(NR)2(THF)n from UCl4, whereby a single
equivalent of I2 was added, resulting in the two electron oxidation of the interim [U(NR)2]
or [(RN)U(NHR)2] complex yielding the hexavalent product. It was theorized that the
interim U(IV) mixed imido/anilido complex might be capable of performing the two
electron reduction of aryl azides.
To test this hypothesis, a stirring solution of UCl4 was treated with a four
equivalents of LiNHDIPP, resulting in a color change from green to brown. After stirring
for an additional 30 minutes, this solution was treated with a single equivalent of N3DIPP,
resulting in the immediate effervescence of N2 and an evident darkening of the solution
(Scheme 3.15). Following the removal of solvent in vacuo, analysis of the crude material
by 1H NMR spectroscopy revealed the formation 20-H, along with an additional equivalent
of NH2DIPP, with no paramagnetic species noted in the spectrum.
Due to the stoichiometry of this reaction, a single equivalent of NH2DIPP is
leftover at the end of this reaction, which is difficult to purify from 20-H. To overcome
this, UCl4 was treated with only three equivalents of MNHDIPP, resulting in a similar color
change to brown. To this was slowly added a single equivalent of MCH2SiMe3 in THF,
and the reaction mixture was stirred for 30 minutes. Following such time, addition of a
single equivalent the N3DIPP oxidant resulted in the analogous effervescence and
darkening of the solution. Following a quick workup, analysis revealed the formation of
pure 20-H absent.






195

Scheme 3.15 Formation of 11, 20-H, and 20-Li from UCl4.

This method is also viable towards the formation of 11, whereby UCl4 is treated
with two equivalents of MNHDIPP, followed by the slow addition of MCH2SiMe3 and
allowing the solution to react for 30 minutes. Analogous to the previous reactions, addition
of a single equivalent of N3DIPP allowed for the isolation of 11 as determined by 1H NMR
spectroscopy.
Alternatively, with the inclusion of base into this reaction one could imagine the
formation of the tetrakis(imido) dianion complexes via this synthetic route. Addition of
three equivalents of MNHDIPP to UCl4 followed by a single equivalent of N3DIPP oxidant,
again results in a similar effervescence as was seen in the formation of 20-H. Following a
short reaction time, this solution was slowly treated with three equivalents of MCH2SiMe3
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at room temperature which, following a short workup allowed for isolation of 20-M (M =
Li, Na, K).
The key to this synthetic method is the oxidation of the U(IV) ion, which is
analogous to the chemistry discussed for 14 and 15. In this case however, the electron
donating nature of the anilide substituents increases the reducing potential of the U(IV)
ion, allowing the oxidation from U(IV) to U(VI) to proceed at room temperature, similar
to the chemistry of Cp*2U(NR).11 Performing the salt metathesis reactions prior to
oxidation allows for the installation of a functional groups that are not readily incorporated
at the U(VI) state. Not only have we established a novel synthetic method for the synthesis
of higher order imido complexes, but these single pot syntheses for 11, 20-H, and 20-Li –
20-K are significant, in that they reductant no in their formation and only a single
equivalent of azide. This allows for a much simpler and not as technically difficult
synthesis as the previous routes, which also require isolation of 11 as an intermediate.
As a proof of concept, the synthesis of another bis(imido) bis(amide) complex,
U(NDIPP)2(N(SiMe3)2)2, was attempted through similar methods. Formation of 12-DIPP
was accomplished through similar methods as described previously, via addition KC8 to a
stirring solution of UI3(THF)4 and N3DIPP. To this was added two equivalents of
KN(SiMe3)2 and the reaction mixture was stirred for 5 minutes. The solution was then
filtered into a separate flask and an additional equivalent of N3DIPP was added to the
reaction mixture, resulting in the effervescence of N2. Removal of the solvent in vacuo
afforded a dark brown oil, assigned as U(NDIPP)2(N(SiMe3)2)2, in good yields (XX).
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Scheme 3.16 Formation of 14-DIPP-N*

Figure 3.25. 1H NMR spectrum of 14-DIPP-N*

Analysis of this complex by 1H NMR spectroscopy reveals the formation of a U(VI)
complex with 5 resonances ranging from -0.36 – 9.36 ppm (Figure 3.25). Four signals at 0.36, 1.70, 6.38, and 9.36 ppm, are assigned as the p-ArH, iPrCH3, iPrCH, and m-ArH
signals of the DIPP ligand respectively. A single 45 H resonance at 0.66 ppm is assigned
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to the methyl groups of the two N(SiMe3)2 substituents. These assignments are confirmed
through two dimensional correlation spectroscopy, which confirm the extreme shifts of the
p-ArH and iPrCH resonances.
Many interesting aspects of this reaction require further attention. First, if the iodide
salt is not removed before the addition of azide, the resulting U(VI) product shows the
formation of only 14-DIPP. We know however that the reaction between 12-DIPP and
N3DIPP requires heating over a long period of time in order to progress, this would suggest
that the N* ligand is facilitating the U(IV)/U(VI) transition, but is then subject to salt
metathesis with KI to afford 14-DIPP. The same is true when starting with 13-DIPP, which
will afford 15-DIPP if the Cl- salt is not removed before the oxidation step.

3.4 Conclusion
The chemistry herein is best summated in Scheme 17, in which the entire family of
these uranium imido complexes is displayed, and their relationship to one another is
displayed. Significant to this work, is the one pot synthesis of the first uranium tris(imido)
complex absent the use of redox active ligands being the first example of a hexavalent
uranium complex that did not display a geometric preference governed by the inverse trans
influence. In investigating the mechanism of its formation, we discovered a novel synthetic
route for the formation of a number of uranium mono- (12 and 13) and bis(imido) (14, 15
and 16) complexes, which required little to no purification.
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Scheme 3.17 Synthesis of all DIPP substituted uranium imido complexes.
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Further reduction of this uranium tris(imido) complex allowed for the isolation of
a U(V) tris(imido) complex (18), while protonation with NH2DIPP led to the formation of
a bis(imido) bis(anilido) complex (20-H), both of which being the first of their kind.
Reactivity of both 18 and 20-H led to the discovery of the first uranium tetrakis(imido)
complexes (20-M), whose geometric preferences showed for the first time that complete
destabilization of the ITI could be accomplished through heavy pi donation to a single
uranium center.
The formation of these higher order uranium imido complexes 11 and 20-M are
seen to display weakened U=N bonds with respect to the bis(imido) complexes due to the
competition for uranium based orbital density. With this in mind, focus towards proving
the differences between the tris and tetrakis(imido) analogues with the highly stable
bis(imido) complexes was undertaken.
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CHAPTER 4: REACTIVITY OF URANIUM TRIS AND TETRAKIS(IMIDO)
COMPLEXES.

4.1 Introduction
Arguably one of the largest contrasts in the world of uranium chemistry is that of
the reactivity of the U=N bonds between the U(IV) and U(VI) oxidation states. The strength
imbued by the inverse trans-influence (ITI) to the hexavalent trans-bis(imido) framework
greatly restricts the reactivity of the U=N bond. The tight highly covalent interactions in
these species disfavors activation at the U=N bonds and as such very little evidence towards
the activation of these complexes has been made. This is not the case for U(IV) imido
bonds, which is which have displayed a wealth of reactivity.1-8 These differences are
directly related to the relative covalency and bond strength.
With the synthesis and characterization of uranium tris and tetrakis(imido)
complexes, we sought to extrapolate our understanding of these imido complexes from an
experimental standpoint. While the computational and bonding analysis revealed that the
incorporation of additional ʌ-bonding substituents in the tris and tetrakis(imido) complexes
substantially weaken all U=N bonds, and would suggest an increase in reactivity with
respect to the [U(NR)2]2+. With this in mind we sought to probe the reactivity of these
higher order imido complexes to directly asses the uranium nitrogen bond strengths in these
complexes, taking directly from the U(IV)-imido literature.
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4.2 Experimental

General Considerations. All air- and moisture-sensitive manipulations were performed
by using standard Schlenk techniques or in an MBraun inert atmosphere drybox with an
atmosphere of purified nitrogen. The MBraun drybox was equipped with a coldwell
designed for freezing samples in liquid nitrogen as well as two í35 °C freezers for cooling
samples and crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated by using literature procedures.9 Benzene-d6 was purchased from Cambridge
Isotope Laboratories, dried with molecular sieves and sodium, and degassed by 3 freeze–
pump–thaw cycles.

Mes

PDIMe,10 potassium graphite,11 and UI3(THF)412 were prepared

according to literature procedures.
1

H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at

299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H
(residual) chemical shifts of the solvent as a secondary standard. The spectra for
paramagnetic molecules were obtained by using an acquisition time of 0.5, thus the peak
widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR data are
reported with the chemical shift, followed by the peak width at half height in hertz, the
integration value, and where possible, the peak assignment. Electronic absorption
measurements were recorded at 294 K in THF in sealed 1 cm quartz cuvettes with data
collection being performed on a Jasco V-6700 spectrophotometer.
Single crystals for X-ray diffraction were coated with poly(isobutylene) oil in a
glovebox and quickly transferred to the goniometer head of either a Rigaku Rapid II image
plate diffractometer equipped with a MicroMax002+ high intensity copper X-ray source
with confocal optics, or a Nonius KappaCCD diffractometer with a molybdenum source
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equipped with a graphite crystal, incident beam monochromator Preliminary examination
and data collection were performed with either Cu KĮ radiation (Ȝ = 1.54184 Å) or Mo KĮ
radiation (Ȝ = 0.71073 Å). Cell constants for data collection were obtained from leastsquares refinement. The space group was identified using the program XPREP.13 The
structures were solved using the structure solution program PATTY in DIRDIFF99.14
Refinement was performed on a LINUX PC using SHELX-97.13 The data were collected
at a temperature of 150(1) K.
Synthesis of (tpy)U(NDIPP)3 (11-tpy). A 20 mL scintillation vial was charged with a
single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in diethylether. To this
was added a single equivalent of 2,2’;6’2”-terpyridine (24 mg, 0.102 mmol) and this
solution was allowed to stir for 1 hour. After which time, the solvent was removed in vacuo
and the remaining dark black solid could be collected. (Yield; 0.097 g, 0.097 mmol, 96 %)
1

H NMR (300 MHz, CD2Cl2, 25 ºC, TMS) į = 0.94 (d, 3J(H,H) = 9Hz, 36H), 4.49 (bs, 6H),

4.76 (bs, 3H), 7.30 (d, 3J(H,H) = 6 Hz, 4H), 7.82 (t, 3J(H,H) = 6 Hz, 2H), 8.22 (t, 3J(H,H)
= 6 Hz, 2H), 8.40 (t, 3J(H,H) = 6 Hz, 1H) 8.45 (d, 3J(H,H) = 6 Hz, 2H), 8.53 (d, 3J(H,H) =
6 Hz, 2H), 9.51 (d, 3J(H,H) = 6 Hz, 2H); 1H NMR (300 MHz, thf-d8, 25 ºC, TMS) į = 0.88
(d, 3J(H,H) = 6Hz, 36H), 4.61 (bs, 9H), 7.23 (d, 3J(H,H) = 6 Hz, 4H), 7.95 (m, 2H), 8.36
(m, 2H), 8.51 (t, 1H), 8.73 (m, 2H) 8.80 (m, 2H), 9.66 (d, 2H); 1H NMR (300 MHz, thf-d8,
-50 ºC, TMS) į = 0.48 (d, 3J(H,H) = 6Hz, 24H, trans-iPrCH3), 1.10 (d, 3J(H,H) = 6Hz,
12H cis-iPrCH3), 3.91 (bs, 5H, both trans-iPrCH and cis-p-ArH), 4.77 (t, 3J(H,H) = 9Hz,
2H, trans-p-ArH), 6.76 (bs, 2H, cis-iPrCH), 6.96 (d, 3J(H,H) = 6Hz, 4H, trans-m-ArH),
7.99 (d, 3J(H,H) = 9Hz, 2H, cis-m-ArH), 8.01 (m, 2H), 8.43 (bs, 2H), 8.58 (bs, 1H), 8.89
(bs, 4H), 10.22 (bs, 2H); analysis pending.
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Preparation of (dmap)3U(NDIPP)3 (11-dmap3). A 20 mL scintillation vial was charged
with a single equivalent of 11 (100 mg, 0.102 mmol) and three equivalents of N,Ndimethylaminopyridine (37 mg, 0.306 mmol) which was dissolved in 5 mL toluene. The
reaction was stirred for 20 minutes after which time the solvent was removed in vacuo. The
leftover brown material was washed with pentane and the resulting solid was identified as
(dmap)3U(NDIPP)3 (11-dmap3). (Yield; 0.105 g, 0.092 mmol, 91%) 1H NMR (300 MHz,
C6D6) į = 1.40 (d, 3J(H,H) = 6 Hz, 36H, iPr-CH3), 1.95 (vbs, 18H, dmap-CH3), 5.19 (bs,
3H, p-Ar-H), 5.41 (bs, 6H, m-Ar-H), 5.79 (vbs, 6H, dmap-Ar-H), 7.99 (d, 3J(H,H) = 6 Hz,
6H, m-Ar-H), 9.20 (vbs, 6H, dmap-Ar-H; 1H NMR (300 MHz, 50 ºC toluene-d6) į = 1.44
(d, 3J(H,H) = 6 Hz, 36H, iPr-CH3), 1.81 (vbs, 18H, dmap-CH3), 4.84 (bs, 3H, p-Ar-H),
5.39 (bs, 6H, iPrCH), 7.92 (d, 3J(H,H) = 6 Hz, 6H, m-Ar-H), 1H NMR (300 MHz, -50 ºC
toluene-d6) į = 1.23 (s, 24H, trans-iPr-CH3), 1.75 (s, 12H, cis-iPr-CH3), 2.14 (s, 18H,
dmap-CH3), 4.57 (s, 4H, trans-iPrCH), 5.17 (s, 1H, cis-p-Ar-H), 5.64 (s, 2H, trans-p-ArH), 5.87 (s, 6H, dmap-Ar-H x 2) 6.73 (s, 2H, cis-iPrCH), 7.68 (s, 4H, trans-m-Ar-H), 8.51
(s, 2H, cis-m-Ar-H), 9.17 (s, 4H, trans-dmap-Ar-H), 10.11 (s, 4H, cis-dmap-Ar-H);
analysis (calcd., found for C35H47N3I2UO2): C (60.57, 60.34), H (7.22, 7.55), N (11.15,
10.89).
Preparation of (pyr)3U(NDIPP)3 (11-pyr3). A 20 mL scintillation vial was charged with
a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in 5 mL pyridine.
The reaction was stirred for 5 minutes after which time the solvent was removed in vacuo
and the leftover brown material was analyzed by 1H NMR spectroscopy to show pure
(pyr)3U(NDIPP)3 (11-pyr3). (Yield; 0.098 g, 0.098 mmol, 96%) 1H NMR (300 MHz,
C6D6, 25 ºC, TMS) į = 1.11 (d, 3J(H,H) = 6 Hz, 36H), 4.79 (bs, pyr-H), 4.96 (sept, 3J(H,H)
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= 6 Hz, 6H), 5.08 (t, 3J(H,H) = 6 Hz, 3H), 6.04(bs, pyr-H), 7.85 (d, 3J(H,H) = 6 Hz, 6H)
1

H NMR (300 MHz, 50 ºC toluene-d6) į = 1.17 (d, 3J(H,H) = 6 Hz, 36H, iPr-CH3), 4.70 (t,

3

J(H,H) = 9 Hz, 3H, p-Ar-H), 5.10 (sept, 6H, iPrCH), 7.79 (d, 3J(H,H) = 9 Hz, 6H, m-Ar-

H), 1H NMR (300 MHz, -50 ºC toluene-d6) į = 0.85 (s, 24H, trans-iPr-CH3), 1.44 (s, 12H,
cis-iPr-CH3), 3.98 (s, 4H, trans-iPrCH), 4.82 (s, 1H, cis-p-Ar-H), 5.47 (s, 2H, trans-p-ArH), 6.40 (s, 4H, trans-pyr-Ar-H x 2) 6.54 (s, 2H, cis-iPrCH), 6.72 (s, 2H, pyr-Ar-H), 7.55
(s, 4H, trans-m-Ar-H), 8.39 (s, 2H, cis-m-Ar-H), 9.35 (s, 4H, trans-pyr-Ar-H), 10.27 (s,
2H, cis-pyr-Ar-H); analysis pending.
Preparation of (tBubpy)2U(NDIPP)3 (11-tBubpy2). A 20 mL scintillation vial was
charged with a single equivalent of 11 (100 mg, 0.102 mmol) and two equivalents of 4,4’di-tert-butyl-2,2’-bipyridine (54 mg, 0.204 mmol) which was dissolved in 5 mL
diethylether. The reaction was stirred for 20 minutes after which time the solvent was
removed in vacuo. The leftover dark brown material was washed with pentane and the
remaining solid was identified as (tBubpy)2U(NDIPP)3 (11-tBubpy2) (Yield; 0.117 g,
0.090 mmol, 88%) 1H NMR (300 MHz, 50 ºC toluene-d6) į = 0.89 (bs, 36H, iPr-CH3),
1.19 (s, 36H, bpy-tBu), 4.81 (bs, 6H, iPrCH), 5.01 (bs, 3H, p-Ar-H), 7.68 (s, 6H, m-Ar-H),
8.52 (s, 4H, bpy-ArH), 10.13 (s, 4H, bpy-ArH), 10.75 (s, 4H, bpy-ArH), 1H NMR (300
MHz, -50 ºC toluene-d6) į = 0.60 (d, 3J(H,H) = 6 Hz, 12H, trans-iPr-CH3), 0.91 (d, 12H,
3

J(H,H) = 6 Hz, trans-iPr-CH3), 1.09 (s, 18H, bpy-tBu), 1.15 (s, 18H, bpy-tBu), 1.58 (d,

3

J(H,H) = 6 Hz, 12H, cis-iPr-CH3), 3.67 (sept, 3J(H,H) = 6 Hz, 4H, trans-iPrCH), 4.81 (t,

3

J(H,H) = 9 Hz, 1H, cis-p-Ar-H), 5.28 (t, 3J(H,H) = 9 Hz, 2H, trans-p-Ar-H), 6.56 (d, 2H,

bpy-ArH), 6.77 (d, 2H, bpy-ArH), 7.14 (s, 2H, cis-iPrCH), 7.41 (d, 4H, trans-m-Ar-H),
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8.52 (s, 2H, bpy-ArH), 8.59 (s, 2H, bpy-ArH), 8.74 (d, 2H, cis-m-Ar-H), 9.47 (d, 2H, bpyArH), 10.84 (d, 2H, bpy-ArH); analysis pending
Crystallization of (thf)2U(NDIPP)3 (11-thf2). Crystals suitable for analysis by X-Ray
diffraction analysis were grown from a concentrated solution of 11 in toluene/pentane.
Preparation of (Ph3PO)2U(NDIPP)3 (11-tppo2). A 20 mL scintillation vial was charged
with a single equivalent of 11 (100 mg, 0.102 mmol) and two equivalents of
triphenlyphosphine oxide (35 mg, 0.204 mmol) which was dissolved in 5 mL toluene. The
reaction was stirred for 20 minutes after which time the solvent was removed in vacuo and
the leftover powdery brown material was analyzed by 1H NMR spectroscopy showing pure
(Ph3PO)2U(NDIPP)3 (11-tppo2). (Yield; 0.120 g, 0.090 mmol, 89%) 1H NMR (300 MHz,
C6D6) į = 1.35 (d, 3J(H,H) = 6 Hz, 36H, iPr-CH3), 4.02 (t, 3J(H,H) = 6 Hz, 3H, p-Ar-H),
5.73 (sept., 3J(H,H) = 6 Hz, 6H, iPrCH), 6.92 (m, 9H, Ph3PO), 8.35 (m, 6H, Ph3PO), 8.37
(d, 3J(H,H) = 6 Hz, 6H, m-Ar-H), (analysis (calcd., found for C72H81N3P2UO2): C (65.49,
64.96), H (6.18, 5.84), N (3.18, 2.98).
Oxidative preparation of 14. A 20 mL scintillation vial was charged with a single
equivalent of 11 or 17 (0.102 mmol) which was dissolved in THF (~10 mL). To this was
added a single equivalent of I2 (0.026 g, 0.102 mmol) and the reaction was stirred for 16
hours. The solvent was removed in vacuo and the crude reaction mixture was analyzed by
1

H NMR spectroscopy, showing quantitative conversion to 14. Recrystallization from a

concentrated THF/pentane solution allowed for isolation of pure 14. (14-DIPP (Yield;
0.094 g, 0.086 mmol, 89%); 14-Mes (Yield; 0.087 g, 0.095 mmol, 94%); 14-pTol (Yield;
0.074 g. 0.088 mmol, 87%); 14-pOMe (Yield; 0.073 g. 0.083 mmol, 82%)).
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Oxidative preparation of 15. A 20 mL scintillation vial was charged with a single
equivalent of 11 or 17 (0.102 mmol) which was dissolved in THF (~10 mL). To this was
added a single equivalent of PhICl2 (28 mg, 0.102 mmol) and the reaction was stirred for
1 hour. The solvent was removed in vacuo and the crude reaction mixture was analyzed by
1

H NMR spectroscopy, showing quantitative conversion to (THF)2UCl2(NDIPP)2 (15-

DIPP). The product could be purified via trituration of a THF solution of 15-DIPP with
pentane and storing the solution at -34 ºC, yielding crystalline solid 15. (15-DIPP (Yield;
0.072 g, 0.090, mmol, 89%); 15-Mes (Yield; 0.055 g, 0.077 mmol, 76%); 15-pTol (Yield;
0.056 g, 0.084 mmol, 83%).
Protonation of 11 with Et3N·HCl. A 20 mL scintillation vial was charged with a single
equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in THF (~10 mL). To this
was added two equivalents of NEt3·HCl (22 mg, 0.204 mmol) and the reaction was stirred
for 1 hour. The solvent was removed in vacuo and the crude reaction mixture was analyzed
by 1H NMR spectroscopy, showing quantitative conversion to 15-DIPP. The product could
be purified via trituration of a THF solution of 15-DIPP with pentane and storing the
solution at -34 ºC, yielding crystalline solid 15-DIPP in good yield. (Yield; 0.076 g, 0.096
mmol, 94%)
Synthesis of (THF)2U(SPh)2(NDIPP)2 (22). A 20 mL scintillation vial was charged with
a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in THF (~10 mL).
To this was added a single equivalent of PhSSPh (22 mg, 0.102 mmol) and the reaction
was stirred for 1 hour. The solvent was removed in vacuo and the crude reaction mixture
was analyzed by

1

H NMR spectroscopy, showing quantitative conversion to

(THF)2U(SPh)2(NDIPP)2 (22). The product could be purified via trituration of a THF
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solution of 22 with pentane and storing the solution at -34 ºC, yielding crystalline solid 22
in good yield. (Yield; 0.075 g, 89%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.28 (d,
3

J(H,H) = 6 Hz, 12H, iPrCH3), 4.46 (sept, 3J(H,H) = 6 Hz, 4H, iPrCH), 5.72 (t, 3J(H,H) =

6 Hz, 2H, p-ArH), 6.50 (t, 3J(H,H) = 6 Hz, 2H, p-ArHSPh), 6.98 (t, 3J(H,H) = 6 Hz, 4H, mArHSPh), 7.18 (d, 3J(H,H) = 6 Hz, 4H, m-ArH), 7.48 (d, 3J(H,H) = 6 Hz, 4H, o-ArHSPh), ;
analysis (calcd., found for C44H60N2O2S2U): C (55.08, 55.07), H (6.20, 5.98), N (3.13,
2.95).
Alternative synthesis of 22. A 20 mL scintillation vial was charged with a single
equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in THF (~10 mL). To this
was added two equivalents of PhSH (22 mg, 0.204 mmol) and the reaction was stirred for
1 hour. The solvent was removed in vacuo and the crude reaction mixture was analyzed by
1

H NMR spectroscopy, showing quantitative conversion to (THF)2U(SPh)2(NDIPP)2 (22).

The product could be purified via trituration of a THF solution of 22 with pentane and
storing the solution at -34 ºC, yielding crystalline solid 22 in good yield. (Yield; 0.084 g,
0.088 mmol, 87%)
Synthesis of (THF)2U(SePh)2(NDIPP)2 (23). A 20 mL scintillation vial was charged with
a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in THF (~10 mL).
To this was added a single equivalent of PhSeSePh (31 mg, 0.102 mmol) and the reaction
was stirred for 1 hour. The solvent was removed in vacuo and the crude reaction mixture
was analyzed by

1

H NMR spectroscopy, showing quantitative conversion to

(THF)2U(SePh)2(NDIPP)2 (23). The product could be purified via trituration of a THF
solution of 23 with pentane and storing the solution at -34 ºC, yielding crystalline solid 23
in good yield. (Yield; 0.075 g, 89%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.15 (d,
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3

J(H,H) = 6 Hz, 12H, iPrCH3), 4.27 (sept, 3J(H,H) = 6 Hz, 4H, iPrCH), 5.62 (t, 3J(H,H) =

6 Hz, 2H, p-ArH), 6.51 (t, 3J(H,H) = 6 Hz, 2H, p-ArHSPh), 6.78 (t, 3J(H,H) = 6 Hz, 4H, mArHSPh), 7.14 (d, 3J(H,H) = 6 Hz, 4H, m-ArH), 7.24 (d, 3J(H,H) = 6 Hz, 4H, o-ArHSPh),
analysis (calcd., found for C44H60N2O2Se2U): C (49.85, 49.83), H (5.61, 5.47), N (2.84,
2.72).
Alternative synthesis of 23. A 20 mL scintillation vial was charged with a single
equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in THF (~10 mL). To this
was added two equivalents of PhSeH (32 mg, 0.204 mmol) and the reaction was stirred for
1 hour. The solvent was removed in vacuo and the crude reaction mixture was analyzed by
1

H NMR spectroscopy, showing quantitative conversion to (THF)2U(SePh)2(NDIPP)2 (23).

The product could be purified via trituration of a THF solution of 23 with pentane and
storing the solution at -34 ºC, yielding crystalline solid 23 in good yield. (Yield; 0.075 g,
0.090 mmol, 89%)
Preparation of (THF)2U(NDIPP)2(OtBu2Ph)2 (24). A 20 mL scintillation vial was
charged with a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in THF
(~10 mL). To this was added two equivalents of HOtBu2Ph (30 mg, 0.204 mmol) and the
reaction was stirred for 1 hour. The solvent was removed in vacuo and the crude reaction
mixture was analyzed by 1H NMR spectroscopy, showing quantitative convertion to
(THF)2U(NDIPP)2(OtBu2Ph)2 (24). The product could be purified via trituration of a THF
solution of 24 with pentane and storing the solution at -34 ºC, yielding crystalline solid 24
in good yield. (Yield; 0.095 g, 0.092 mmol, 90%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS)
į = 1.36 (s, 18H, tBu), 1.51 (d, 3J(H,H) = 6 Hz, 12H, iPrCH3) 3.89 (sept, 3J(H,H) = 6 Hz,
4H, iPrCH), 5.21 (t, 3J(H,H) = 6 Hz, 2H, p-ArH), 6.49 (t, 3J(H,H) = 6 Hz, 2H, ArHOPh),
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6.71 (t, 3J(H,H) = 6 Hz, 2H, ArHOPh), 7.04 (d, 3J(H,H) = 6 Hz, 2H, m-ArH), 7.20 (d, 3J(H,H)
= 6 Hz, 2H, ArHOPh), 7.54 (d, 3J(H,H) = 6 Hz, 4H, ArHOPh), analysis pending.
General method for imido group transfer reactions. All imido group transfer reactions
were performed using the following procedure; A 20 mL scintillation vial was charged
with the uranium tris(imido) starting material (11 or 17-X) (0.051 mmol) and dissolved in
THF (5 mL). To this was added three equivalents of the organic substrate (0.153 mmol)
and the reaction was stirred for 5 hours. Following such time, the solution was removed
from the inert atmosphere and filtered through a plug of alumina. The organic products
were analyzed through a combination of infrared, 1H and 13C NMR spectroscopy, as well
as GCMS to confirm their identities.
Synthesis of (THF)3U(NDIPP)2(DIPPNC(Ph)C(Ph)) (25). A 20 mL scintillation vial was
charged with a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in ~10
mL of toluene. To this solution was added a single equivalent of diphenylacetylene (18 mg,
0.102 mmol) and the solution was left to stir overnight. The solvent was removed in vacuo
resulting in the isolation of a dark brown solid (THF)3U(NDIPP)2(DIPPNC(Ph)C(Ph)) (25)
in good yield (0.110 g, 0.094 mmol, 93%) 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į =
0.90 (d, 3J(H,H) = 6 Hz, 6H), 1.02 (d, 3J(H,H) = 6 Hz, 6H), 1.48 (s, 24 H), 3.94 (sept,
3

J(H,H) = 6 Hz, 2H), 4.58 (sept, 3J(H,H) = 6 Hz, 4H), 5.33 (t, 3J(H,H) = 6 Hz, 2H), 5.49

(t, 3J(H,H) = 6 Hz, 1H), 5.98 (d, 3J(H,H) = 6 Hz, 2H), 6.73 (t, 3J(H,H) = 6 Hz, 1H), 6.82
(t, 3J(H,H) = 6 Hz, 1H), 7.11 (d, 3J(H,H) = 6 Hz, 2H), 7.47 (d, 3J(H,H) = 6 Hz, 4H), 7.67
(d, 3J(H,H) = 6 Hz, 2H), 7.69 (d, 3J(H,H) = 6 Hz, 2H), 7.91 (t, 3J(H,H) = 6 Hz, 2H); analysis
pending.
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Synthesis of (bpy)U(NDIPP)2(DIPPNC(Ph)C(Ph)) (25-bpy). A 20 mL scintillation vial
was charged with a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in
~10 mL of toluene. To this solution was added a single equivalent of diphenylacetylene
(18 mg, 0.102 mmol) and the solution was left to stir overnight. To this was added a single
equivalent of 2,2’-bipyridine and the solution was stirred an additional hour. The solvent
was removed in vacuo resulting in the isolation of a dark brown solid
(bpy)U(NDIPP)2(DIPPNC(Ph)C(Ph)) (25-bpy) in good yield (0.095 g, 0.086 mmol, 84%)
1

H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 1.16 (d, 3J(H,H) = 6 Hz, 6H, iPrCH3), 1.25 (d,

3

J(H,H) = 6 Hz, 24H, iPrCH3), 1.57 (d, 3J(H,H) = 6 Hz, 6H, iPrCH3), 3.97 (t, 3J(H,H) = 6

Hz, 2H), 4.11 (d, 3J(H,H) = 6 Hz, 2H), 4.40 (sept, 3J(H,H) = 6 Hz, 2H), 4.55 (t, 3J(H,H) =
6 Hz, 2H), 5.74 (sept, 3J(H,H) = 6 Hz, 4H), 6.67 (t, 3J(H,H) = 6 Hz, 1H), 6.71 (t, 3J(H,H)
= 6 Hz, 1H), 6.92 (m, 2H), 6.98 (m, 6H), 7.32 (m, 4H), 7.52 (m, 4H), 7.63 (d, 3J(H,H) = 6
Hz, 2H), 8.34 (d, 3J(H,H) = 6 Hz, 4H), 9.89 (s, 2H); analysis pending.
Synthesis of (THF)U(NDIPP)(DIPPN(C(Ph))4NDIPP) (26). A 20 mL scintillation vial
was charged with a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in
~10 mL of toluene. To this solution was added a single equivalent of diphenylacetylene
(18 mg, 0.102 mmol) and the solution was left to stir overnight. The solvent was removed
in vacuo resulting in the isolation of a dark brown solid (THF)3U(NDIPP)
(DIPPNC(Ph)C(Ph)C(Ph)C(Ph)NDIPP) (26) in good yield (110 mg, 0.094 mmol, 93%).
1

H NMR (300 MHz, C6D6, 25 ºC, TMS) į = -21.66 (d, 7, 2H), -8.99 (t, 13, 1H), -8.65 (s,

25, 3H), -8.26 (d, 8, 1H), -7.30 (d, 15, 3H), -5.82 (s, 22, 3H), -5.75 (t, 21, 2H), -5.29 (d, 7,
2H), -4.93 (s, 21, 3H), -4.03 (d, 32, 1H), -1.36 (t, 13, 1H), -1.24 (d, 23, 3H), -0.36 (d, 16,
1H), 8.01 (s, 15, 3H), 8.15 (d, 15, 1H), 8.21 (t, 23, 1H), 8.71 (t, 9, 1H), 8.71 (t, 25, 1H),
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8.99 (d,15, 1H), 9.30 (t, 45, 1H), 9.89 (t, 22, 2H), 9.97 (t, 32, 1H), 10.09 (d, 27, 1H), 10.75
(t, 25, 2H), 10.83 (s, 23, 3H), 10.92 (s, 15, 3H), 11.97 (s, 22, 3H), 12.04 (t, 30, 2H), 14.05
(d, 22, 1H), 14.26 (t, 16, 1H), 14.50 (t, 24, 1H), 15.12 (d, 22, 1H), 15.60 (t, 30, 1H), 16.65
(d, 22, 3H), 17.68 (d, 16, 1H), 25.40 (s, 24, 1H), 25.54 (s, 22, 1H), 31.21 (s, 30, 1H), 32.02
(d, 22, 2H); analysis pending.
Synthesis of (dmap)U(NDIPP)(DIPPN(C(Et))4NDIPP) (27-dmap). A 20 mL
scintillation vial was charged with a single equivalent of 11 (0.100 g, 0.102 mmol) which
was dissolved in ~10 mL of toluene. To this solution was added a two equivalents of 3hexyne (17 mg, 0.204 mmol) and the solution was left to stir for 2 hours. While stirring, a
single equivalent of N,N-dimethylaminopyridine (12 mg, 0.102 mmol) and the solution
was let stir for an additional hour. The solvent was removed in vacuo resulting in the
isolation of a brown solid identified as (dmap)U(NDIPP)(DIPPN(C(Et))6NDIPP) (27dmap) in good yield (0.092 g, 0.087 mmol, 86%). 1H NMR (300 MHz, C6D6, 25 ºC, TMS)
į = -8250 (s, 5, 1H), -38.38 (s, 13, 3H), -18.99 (s, 25, 1H), -18.06 (s, 22, 3H), -15.07 (s,
15, 3H), -12.06 (s, 22, 1H), -9.92 (s, 21, 2H), -9.62 (s, 7, 1H), -8.76 (s, 21, 1H), -6.89 (s,
32, 2H), -4.49 (s, 13, 3H), -4.09 (s, 23, 1H), -2.23 (s, 16, 3H), -0.26 (s, 15, 3H), 3.94 (s, 15,
1H), 4.30 (s, 23, 2H), 5.18 (s, 9, 2H), 5.81 (s, 25, 3H), 5.94 (s, 2H), 5.98 (s, 45, 3H), 7.62
(s, 22, 2H), 7.75 (s, 32, 3H), 9.81 (s, 27, 3H), 10.56 (s, 25, 1H), 11.20 (s, 23, 1H), 11.86 (s,
15, 3H), 13.34 (s, 22, 1H), 19.60 (s, 30, 1H), 28.97 (s, 22, 1H), 32.15 (s, 16, 3H), 75.29 (s,
24, 1H), 115.01 (s, 20, 1H); analysis pending
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Synthesis of (THF)U(NDIPP)(DIPPN(C(Me))6NDIPP) (28). A 20 mL scintillation vial
was charged with a single equivalent of 11 (100 mg, 0.102 mmol) which was dissolved in
~10 mL of toluene. To this solution was added a single equivalent of diphenylacetylene
(18 mg, 0.102 mmol) and the solution was left to stir overnight. Following the removal of
solvent in vacuo resulted in the isolation of a dark brown-red solid identified as
(THF)3U(NDIPP)(DIPPN(C(Me))6NDIPP) (28) in good yield (110 mg, 0.094 mmol,
93%). 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = -102.17 (s, 45, 1H), -82.97 (s, 41, 1H),
-27.84 (s, 12, 3H), -12.16 (s, 10, 3H), -11.84 (sept., 40, 1H), -10.23 (d, 22, 1H), -10.07 (s,
15, 3H), -3.18 (d, 22, 3H), -2.84 (s, 24, 3H), -0.61 (s, 25, 3H), 0.92 (s, 27, 3H), 1.13 (d, 45,
3H), 1.19 (d, 45, 3H), 1.89 (s, 9, 3H), 2.12 (s, 10, 3H), 2.94 (t, 105, 4H), 3.35 (t, 9, 3H),
3.85 (d, 12, 1H), 6.22 (d, 25, 3H), 6.30 (s, 10, 6H), 6.41 (d, 20, 3H), 7.04 (d, 25, 3H), 7.46
(d, 27, 1H), 10.85 (s, 7, 1H), 12.17 (t, 47, 1H), 16.68 (s, 25, 1H), 18.13 (s, 15, 3H), 19.01
(s, 25, 1H), 28.12 (sept., 25, 1H), 71.52 (s, 25, 3H), 146.79 (s, 31, 1H); analysis pending.
Synthesis of (DMAP)U(NDIPP)(DIPPN(C(Me))6NDIPP) (28-dmap). A 20 mL
scintillation vial was charged with a single equivalent of 11 (100 mg, 0.102 mmol) which
was dissolved in ~10 mL of toluene. To this solution was added a single equivalent of 2butyne (12 mg, 0.204 mmol) and the solution was left to stir for 2 hours. While stirring, a
single equivalent of N,N-dimethylaminopyridine (12 mg, 0.102 mmol) and the solution
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was let stir for an additional hour. The solvent was removed in vacuo resulting in the
isolation of a dark brown solid (DMAP)U(NDIPP)(DIPPN(C(Me))6NDIPP) (28-dmap) in
good yield (110 mg, 0.094 mmol, 93%). 1H NMR (300 MHz, C6D6, 25 ºC, TMS) į = 160.56 (s, 76, 2H), -121.16 (s, 78, 2H), -64.24 (s, 47, 3H), -56.64 (s, 41, 3H), -46.70 (s,
56, 3H), -40.66 (s, 22, 3H), -36.15 (s, 46, 3H), -25.24 (s, 22, 3H), -22.03 (s, 12, 1H), -19.4
(s, 25, 3H), -14.47 (s, 27, 3H), -10.11 (s, 32, 3H), -9.70 (s, 8, 2H), -7.08 (s, 9, 3H), -6.89
(s, 25, 3H), -6.63 (s, 105, 4H), -5.88 (s, 9, 1H), -4.58 (s, 7, 1H), -3.14 (s, 7, 3H), -2.23 (s,
122, 6H), 5.45 (s, 102, 4H), 9.11 (s, 45, 3H), 10.45 (s, 27, 1H), 15.41 (s, 25, 3H), 17.27 (s,
47, 3H), 19.46 (s, 47, 3H), 17.27 (s, 32, 3H), 23.22 (s, 9, 1H), 31.84 (s, 47, 3H), 33.20 (s,
41, 3H), 39.57 (s, 31, 1H), 40.30 (s, 45, 3H), 42.36 (s, 47, 3H), 49.34 (s, 39, 1H), 50.44 (s,
34, 3H), 123.18 (s, 62, 1H),; analysis pending.
Protonation of 25 with NH2DIPP. A J. Young NMR tube was charged with single
equivalents of 11 (0.020 g, 0.020 mmol) and diphenylacetylene (0.004 g, 0.020 mmol), the
two were dissolved in benzene-d6, and allowed to react for 24 hours. Once the reaction
reached equilibrium, as determined by 1H NMR spectroscopy, a single equivalent of
NH2DIPP (0.004 mg, 0.020 mmol) was added and the reaction was monitored by 1H NMR
spectroscopy.
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Conditions for catalysis with 11. A solution of 11 was treated with the appropriate amount
of diphenylacetylene and NH2DIPP and the reaction was heated to 55 qC. The solution was
to heated over the course of 24 hr. at which time the solution was quenched with 3 mL of
wet diethyl ether. The solution was then filtered through a plug of alumina to remove
uranium based byproducts and the contents wert analyzed by GCMS.
Conditions for catalysis with 20. A solution of 20-M was treated with the corresponding
alkyne and amine and the contents were sealed in a GCMS analysis vial. Outside of the
glovebox, the solution was heated to 55 qC without stirring. Following the appropriate
time period, the solution was quenched with 3 mL of wet diethyl ether and its contents
were filtered through a plug of alumina. The organic material leftover was then analyzed
by GCMS.
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4.3 Results and Discussion

4.3.1 Ligand Substitution

4.3.1.1. Synthesis of Lewis-Base Adducts of Uranium Tris(imido)
Structurally, the coordination chemistry of high valent uranium is dominated by the
trans arrangement of U=E bonds (E = O and N). The stability and driving force towards
the formation of this framework arises from the inverse trans-influence (ITI). However,
with the formation of the uranium tris(imido) and tetrakis(imido) complexes we see a
departure from this trend, with two viable and very different coordination geometries seen
in 11 and 8. While these complexes bear the same imido based substituents, their structures
are dissimilar, with 8 being pseudo mer-octahedral and 11 being pseudo fac-octahedral.
This symmetry is not only noted in the solid state, but also in the solution state symmetry
of these molecules as determined by 1H NMR spectroscopy. The fac-orientation of the
imido substituents in 11 was easily identified by the C3V symmetry seen in solution, and
variable temperature 1H NMR spectroscopy was used to resolve the resonances for the
highly labile and rapidly exchanging THF ligands in solution. The 1H NMR spectrum of 8
however, displayed an interesting C2V solution state symmetry, with three sets of signals
responsible for the DIPP imido substituents, due to hindered rotational freedom of the two
axial imido substituents. The coordination geometry of 8 was presumed to arise primarily
from the tri-coordinate
conformation.




Mes

PDIMe ligand, forcing the three imido ligands into the mer
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Because of these interesting structural effects, new coordination complexes of 11

were sought, to further investigate the types of coordination available for the uranium
tris(imido). As was seen previously, addition of a single equivalent of

Mes

PDIMe to 11

results in the dissociation of the three thf ligands and formation of 8. This, combined with
the lability of the THF ligands seen in the room temperature 1H NMR spectrum suggested
that other Lewis base adducts of the [U(NR)3] framework could be constructed via ligand
exchange. This is analogous to the chemistry of the [U(NR)2]2+ framework, which have
been shown on numerous occasions to undergo ligand exchange with the THF adduct.
Further evidence for ligand dissociation arose during the course of studying 11. It
was found that if crystallization occurred in the absence of coordinating solvent,
toluene/pentane, crystals of (THF)2U(NDIPP)3 (11-thf2), could be isolated and analyzed
by X-ray diffraction. Refinement of the data revealed a penta-coordinate uranium center
with two bound thf ligands and three imido substituents (Figure 4.1). The
symmetry/coordination geometry of this complex lies in between a C3V/trigonal
bipyramidal and C2v/square pyramidal symmetric complex. The U=N bonds seen in 11thf2 are slightly truncated with respect to the parent 11 complex with U1-N1, U1-N2, and
U1-N3 bond distances of 1.977(2), 1.995(2), and 1.966(2) Å, respectively. The U-O bonds
for the two thf ligands are seen to have distances of 2.411(2) and 2.456(2) Å, which are
significantly truncated from the U-O ligand distances seen in 11, absent any transinfluence. The N1-U1-N3 bond angle of 149.48º is slightly more obtuse than the other two
(N1-U1-N2 = 101.46º, N2-U1-N3 = 108.98º), and, using geometric calculations developed
by Muetterties and Guggenberger,15 the molecular structure is calculated to be closer to the
C2V symmetric structure than the D3h symmetric structure. Interestingly, when looking at
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just the coordination geometry of the imido substituents, 11-thf2 shows a marked
resemblance to the predicted gas phase structure of UO3, whose trans-oxo substituents
deviate from linearity (O-U-O = 158 - 165º).16-18 Despite the difference in coordination
geometry from 11, analysis of these crystals by 1H NMR spectroscopy shows no difference
between the parent complex.

Figure 4.1 Molecular structure of 11-thf2 with non-carbon atom ellipsoids displayed at
30% probability. Carbon atoms have been displayed as spheres and H-atoms have been
omitted for clarity. Crystals have been displayed in orientations to show their similarities
to the square pyramidal (left) and trigonal bipyramidal (right) coordination geometries.

With evidence for the highly dissociative THF ligands, synthesis of coordination
complexes

bearing

2,2’;6’,2”-terpyridine

(tpy),

4,4’-di-tert-butyl-2,2’-bipyridine

(tBubpy), and 4-dimethylaminopyridine (DMAP) ligands was attempted. Addition of these
Lewis bases to toluene solutions of 11 afforded the appropriate coordination complexes in
good yields (tpy)U(NDIPP)3 (1-tpy) (96%), (tBubpy)2U(NDIPP)3 (1-tBubpy2) (88%),
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(dmap)3U(NDIPP)3 (11-dmap3) (91%), and (pyr)3U(NDIPP)3 (1-pyr3) (96%) (Scheme
4.1).
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Scheme 4.1 Formation of Lewis base adducts of 11.

X-ray diffraction analysis of 11-tpy was performed on quality crystals grown from
a concentrated THF/toluene solution at -34 ºC. Refinement of the data revealed a pseudo
octahedral uranium center bound by a single tpy ligand and three DIPP imido substituents.
Due to the amount of disorder in the crystal many of the bond distances have substantial
errors, however structural comparisons can be easily made. Much like that of 8, the imido
substituents are oriented in a meridional fashion, with two axial imido bonds and one
equatorial, and can be attributed to the tri-coordinate tpy ligand. The presence of an inverse
trans influence can be seen in the differences between the trans (169(2)º) U=N bonds
(1.94(2) and 1.97(13) Å) and the elongated cis U=N bond (2.11(4) Å), much like that seen
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in 8. The U-N distances for the tpy ligand are on par with that of the neutral U-N bonds in
8.
To confirm the formation of 11-tBubpy2, X-ray quality crystals were grown from a
concentrated THF/hexane solution at -34 ºC. Refinement of the data revealed a seven
coordinate uranium center bearing two tBubpy ligands and three imido substituents and
displays pseudo C2 symmetry along the equatorial U-N bond. The two trans imido
substituents, related by a bonding angle of 167.1(4)º, show truncated U-N bond distances
of 1.999(11) and 2.000(13) Å, for U1-N1 and U1-N2 respectively. The equatorial imido
bond, U1-N3, is slightly elongated, with a U-N bond distance of 2.090(9) Å, indicative of
an ITI. The orientation of the tBubpy ligands in 11-tBubpy2 are deviated from the
equatorial plane of the uranium center and their orientation is similar to the bis-ligand U(V)
bis(imido) halide complexes, (tBubpy)2UX(NDIPP)2 (X = Cl, Br, I) synthesized by
Boncella and coworkers.19
Crystals of 11-dmap3 were grown from a concentrated THF/pentane solution and
again analyzed by X-ray diffraction. Refinement of the data reveals the formation another
pseudo octahedral uranium center bearing three dmap ligands and three diisopropylphenyl
imido functionalities (Figure 4.2). Interestingly however, despite using the non-chelating
ligand, the three imido groups are again oriented in a meridional fashion. Two axial U=N
bonds U1-N1 and U1-N2, related by a N-U-N bonding angle of 168.33º, display bond
distances of 2.005(5) and 1.974(4) Å, and are truncated with respect to the equatorial U=N
bond, U1-N3, at 2.028(4) Å, indicative of an inverse trans-influence (ITI). Not only does
the molecular structure of 11-dmap3 bear an ITI, but the equatorial imido affects a
significant trans-influence on the opposing DMAP ligand. The U-Ndmap bond trans to the
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equatorial imido, U1-N6, is highly elongated with a bond distance of 2.698(5) Å, while the
two trans U-Ndmap bond distances, U1-N4 (2.555(6) Å) and U1-N8 (2.573(4) Å), are typical
for dative U-N interactions to a U(VI) center. This elongation is similar to the three U-OTHF
bonds found in 11, which are almost 0.1 Å longer than the typical dative interaction for a
hexavalent uranium oxygen bond.

Figure 4.2 Molecular structure of 11-tpy (A), 11-tBubpy2 (B), and 11-dmap3 (C) with
non-carbon atoms displayed as 30% probability ellipsoids. Hydrogen atoms have been
removed and carbon atoms have been displayed as spheres for clarity.
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While the solid state chemistry of 11-tpy, 11-bpy, and 11-dmap3 agree with one

another, each displaying a T-shaped orientation of the imido substituents, the solution state
chemistry of these complexes however is not as straight forward, as determined by 1H
NMR spectroscopy. Despite the solid state structure and planar 3-coordinate nature of the
tpy ligand, the 1H NMR spectrum of 11-tpy (Figure 4.3) displays only a single set of
resonances corresponding to the diisopropylphenyl imido substituents, which are markedly
shifted from the 1H NMR of 11. A large doublet integrating to 36H at 0.88 ppm is assigned
as the iPrCH3 resonance. Both the iPrCH and p-Ar-H resonances appear as a broad singlet
at 4.61 ppm. The m-Ar-H signal is found at 7.23 ppm. Six resonances are found for the tpy
ligand with five, broad 2H resonances at 7.95, 8.36, 8.73, 8.80 and 9.66 ppm, and a single
1H signal at 8.51 ppm. This symmetry of the imido groups of 11-tpy would suggest a rapid
equilibrium in solution, requiring fast ligand dissociation at this temperature.
This disparity in the solution and solid state symmetry seen for 11-tpy continues
for both 11-tBubpy2 and 11-dmap3. By 1H NMR spectroscopy, 11-tBubpy2 displays a
diamagnetic spectrum very similar to that of 11-tpy, with only four resonances
corresponding to the three DIPP imido substituents, which are barely visible above the
baseline of the spectrum (Figure 4.5). Highly broadened resonances at 0.87, 4.85, 5.18, and
7.49 ppm are assigned as the iPrCH3, iPrCH, p-ArH and m-ArH protons respectively for
11-tBubpy2. Analysis of 11-dmap3 by 1H NMR spectroscopy reveals a similar solution
state symmetry displayed by the parent complex 11, with only four resonances assignable
to the DIPP imido unit (Figure 4.7). A large broad doublet at 1.44 ppm was assigned as the
iPr-CH3, with its corresponding iPrCH resonating at 5.41 ppm. The p-ArH resonance has
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shifted to 5.19 ppm and the m-ArH resonance is found at 7.99 ppm. Signals for the
coordinated dmap ligands however are all highly broadened, but can be found at 1.95, 5.79,
and 9.20 ppm.
Given the peak patterns displayed by these complexes and the broad nature of the
resonances, we reasoned that these complexes were undergoing a rapid ligand exchange,
much like that of 11 at room temperature. This ligand exchange would allow these
complexes to rapidly equilibrate the imido substituents, giving only a single signal in the
1

H NMR spectrum. We sought to test this hypothesis using variable temperature 1H NMR

spectroscopy, in an attempt to slow this ligand exchange and observe these complexes in
their lowest energy conformers.
We begin with 11-tpy, which was dissolved in thf-d8 in a sealed J. Young NMR
tube and placed in a Varian Inova 300 spectrometer equipped with a cryostat attachment.
At temperatures above 0 ºC, the 1H NMR spectrum appears similar to that acquired at RT,
with four resonances assignable to the DIPP substituents. Upon cooling, resonances
assigned to the DIPP imido moiety begin to broaden substantially, nearly disappearing into
the baseline at -20 ºC. Below -30 ºC however two new sets of DIPP signals begin to appear
and sharpen at -50 ºC. (Figure 4.3) The peak pattern displayed at these low temperatures is
indicative of a C2 rotationally symmetric tris(imido) species arranged in a meridional
fashion. Due to the broadness of thes resonances, two dimensional correlation spectroscopy
(COSY) was used to assist in the absolute assignment of the spectrum (Figure 4.4). The
two axial imido ligands are characterized by resonances appearing at 0.48, 3.91, 4.77, and
6.96 ppm corresponding to the iPrCH3, iPrCH, p-ArH and m-ArH groups respectively. The
equatorial imido has similar signal distribution as 8, with resonances at 1.10, 3.91, 6.76,
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and 7.99 ppm, corresponding to the iPrCH3, p-Ar-H, iPrCH, and m-ArH groups
respectively. This would suggest that, at low temperatures, 11-tpy is structurally similar to
8.
Despite the chelating nature of the bpy ligand, there still seems to be a large amount
of lability at elevated temperatures, which is once again resolved at low temperature (-40
ºC), as 11-tBubpy2 takes on a C2 rotational symmetry in solution. There are three
resonances responsible for the iPrCH3 of the imido ligands at 0.60, 0.91, and 1.58 ppm,
each integrating to 12H each. The former two iPrCH3 correlate to a 4H iPrCH resonance
at 3.67 ppm assigned to the trans-imido substituents, while the latter iPrCH3 is seen to
correlate to a 2H iPrCH resonance at 7.14 ppm, and is assigned to the cis-imido substituent,
as judged by 2D correlation spectroscopy. The ArH signals for the trans-imido substituents
are found as a 2H triplet at 5.28 ppm and as a 4H doublet at 7.41 ppm. The cis-imido ArH
protons are seen to resonate at 4.81 and 8.75 ppm, corresponding to the p-ArH and m-ArH
resonances, respectively. The two tBubpy ligands are characterized by two sets of tBu
resonances at 1.09 and 1.15 ppm, four 2H, doublets at 6.56, 6.78, 9.47, and 10.84 ppm, and
two 2H singlets at 8.52 and 8.59 ppm.
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Figure 4.3. Variable temperature 1H NMR spectroscopy of 11-tpy in thf-d8 from 20 ºC
(top) to -60 ºC (bottom) in 10 ºC degree increments.

Figure 4.4. Two dimensional correlation spectrum of 11-tpy at -50 ºC. Imido based
resonances have been highlighted for ease of interpretation.
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Figure 4.5. Variable temperature 1H NMR spectroscopy of 11-tBubpy2 from 50 ºC (top)
to -50 ºC (bottom) in 10 ºC degree increments.

Figure 4.6. Two dimensional correlation spectrum of 11-tBubpy2 at -50 ºC. Imido based
resonances have been highlighted for ease of interpretation.
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Figure 4.7. Variable temperature 1H NMR spectroscopy of 11-dmap3 from 50 ºC (top) to
-50ºC (bottom) in 10 ºC degree increments.





Figure 4.8. Two dimensional correlation spectrum of of 11-dmap3 at -50 ºC. Imido based
resonances have been highlighted for ease of interpretation.
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This shift in symmetry at low temperatures holds true for 11-dmap3 as well. In
toluene-d8, at elevated temperatures (20-50 ºC) the spectrum appears typical, with four
resonances corresponding to the DIPP imido substituents, and with dmap ligand resonances
broadened into the baseline. Upon cooling however, the imido based resonances begin to
shift and broaden substantially, almost disappearing completely. At temperatures below 0
ºC, new resonances appear in the spectrum which sharpen to clarity at -40 ºC. This new
conformer displays 12 resonances with two sets of both DIPP and DMAP ligand
resonances, indicative of a change in symmetry to C2V. With the lack of splitting at lower
temperatures, low temperature (-50 ºC) two dimensional correlation spectroscopy was
again employed to obtain a definitive assignment. Two sets of four resonances are found
corresponding to the imido substituents. A large resonance found at 1.11 ppm, integrating
to 24H, is assigned to the axial-iPrCH3 substituents, with the corresponding axial-iPrCH
resonance at 4.46 ppm. The aryl resonances for the axial imido complex are found at 5.53
and 7.57 ppm, corresponding to the p-ArH and m-ArH resonances, respectively. A smaller
signal at 1.64 ppm is assigned to the equatorial-iPrCH3, integrating to 12H, which
correlates to a 2H iPrCH resonance at 6.61 ppm. The resonances at 5.06 and 8.40 ppm
integrating to 1H and 2H respectively are assigned to the p-ArH and m-ArH of the
equatorial imido substituent. A large resonance at 2.02 ppm is assigned to the NMe2
substituents of the dmap ligands. Two sets of resonances are also found further downfield,
corresponding to inequivalent ArHdmap substituents. A large 6H resonance at 5.75 ppm is
responsible for 2 of the dmap-ArH resonances, with a 4H and 2H, as determined by
correlation spectroscopy. This large resonance has two cross peaks in the spectrum; a 4H
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resonance at 9.06 ppm, and a 2H signal at 10.00 ppm, corresponding to the trans-dmap and
the cis-dmap-ArH protons. This C2V symmetric conformer matches exactly the symmetry
seen in the solid state, suggesting that the meridional tris(imido) complex is indeed the
lower energy conformer. This is in direct contrast to the solid and solution state symmetries
of 11, and these results are quite peculiar given the coordinative freedom of both isomers.
In order to remove doubt that dmap is perhaps a special case, identical experiments
were performed on (pyr)3U(NDIPP)3 (11-pyr3), which was easily synthesized via addition
of an excess of pyridine to 11, followed by a recrystallization from an ether/pentane
mixture. Analysis of 11-pyr3 by 1H NMR spectroscopy at room temperature, again, shows
a highly symmetric C3V solution state product, with four resonances assigned to the DIPP
imido functionality; 1.11, 4.96, 5.08, and 7.84 ppm, assigned to the iPrCH3, iPrCH, p-ArH,
and m-ArH protons respectively. Only two of the pyridine resonances are visible in
spectrum, at 4.79 and 6.04 ppm at room temperature. In the same manner as was done with
11-dmap3, variable temperature experiments performed on 11-pyr3, giving in similar
results. At elevated temperature, this complex retains its high symmetry state, and cooling
the solution is concomitant with a change in symmetry. The C2V symmetric conformer of
11-pyr3 bears nearly the same peak distribution as 11-dmap3, with two sets of DIPP
resonances and two sets of pyridine ligand resonances, with direct assignments assisted by
2D correlation spectroscopy. The trans-imido substituents are denoted by four resonances
at 0.85, 3.98, 5.47, and 7.45 ppm, corresponding to the iPrCH3, iPrCH, p-ArH, m-ArH
protons respectively. The equatorial-imido substituent is characterized by signals at 1.44,
4.92, 6.54, and 8.29 ppm, corresponding to the iPrCH3, p-ArH, iPrCH and m-ArH protons




235

respectively. It is interesting to note that for 11-pyr3, the C2V symmetric species does not
resolve until -60 ºC, nearly 20 ºC colder than 11-dmap3. This is attributed to the higher
basicity of the dmap ligand over pyridine.
These low temperature, solution-state structures of 11-dmap3 and 11-pyr3 are in
opposition to the variable temperature data that was seen for 11.

During the VT

experiments with 11, only the resolution of the coordinated THF ligands was observed,
with no change in the symmetry of the complex. However, as is seen in the room
temperature 1H NMR spectrum of 11, 11-dmap3, and 11-pyr3, the ligand resonances are
all highly broadened with respect to the imido based signals. This signal broadening
suggests that rapid ligand dissociation/association is occurring at room temperature and
that the room temperature 1H NMR spectrum is likely the symmetry of the bis-ligand
complex 11-thf2 or 11-dmap2, with rapid ligand dissociation/association. Upon cooling,
ligand association occurs and the energetically preferred conformer is formed. While this
explains the coordination symmetry of the 11, 11-dmap3 and 11-pyr3, this logic is not as
easily applied to the chelated complexes 11-tpy and 11-tBubpy2, for which the barrier of
this dissociation is likely much higher due to chelation.
In an attempt to isolate a bis(ligand) complex only, the larger triphenylphosphine
oxide (tppo) ligand was employed. Addition of a two equivalents of tppo to a stirring
solution of 11, followed by the removal of volatiles in vacuo, results in the formation of
(tppo)2U(NDIPP)3 (11-tppo2) in good yields (89%). Analysis of this complex by 1H NMR
spectroscopy depicts a highly symmetric product, with four resonances responsible for the
DIPP-imido functionality at 1.34, 4.04, 5.71, and 8.34 ppm corresponding to the iPrCH3,
p-ArH, iPrCH, and m-ArH protons respectively. There are also three resonances
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corresponding to the ArH protons of the tppo ligands at 6.89, 7.02 and 7.89 ppm.
Integration confirms the coordination of only two tppo ligands, and is further supported by
the elemental analysis. Unfortunately, structural data for 11-tppo2 could not be obtained
due to the poor crystallinity of 11-tppo2, however analysis by variable temperature 1H
NMR spectroscopy, reveals that 11-tppo2 retains its solution state symmetry even at very
low temperatures, and unlike the the pyridine based complexes, the 1H NMR resonances
are temperature independent and do not move upon cooling. This retention of symmetry
indicates that the low energy conformer of 11-tppo2 is likely adopting a coordination
geometry likened to 11-thf2. Despite the solid state C2v symmetric nature of 11-thf2, in
solution 11-thf2 and 11-tppo2 are vibrationally related to the D3h symmetric complex
through the bending of the N-U-N bond, which is undoubtedly not resolved at the
temperatures available for this experiment. The solution/solid state symmetry of these five
coordinate complexes however provides substantial evidence for the observed symmetry
of the coordinatively saturated complexes at ambient temperatures. Additionally, attempts
at the synthesis of coordination complexes containing sulfur (Ph3PS, thiophene) and
phosphine (PPh3, PMe3, PEt3) based donor atoms were unsuccessful, and 1H NMR
experiments showed no evidence of being able to replace the bound THF ligands in 11.
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Figure 4.9. Variable temperature 1H NMR spectroscopy of 11-tppo2 from 50ºC to -50ºC
in 10 ºC degree increments.





Table 4.1. Bond Metrics for the Lewis base adducts of 11.
Bond

11-thf2
1.977(2)
1.995(2)
1.966(2)
2.441(2)

11-dmap3
1.974(4)
2.005(5)
2.028(4)
--

U-Nlig.

--

2.555(6)
2.573(4)
2.698(5)

Nax-U-Nax

149.48(10)
108.98(10)
101.46(10)

168.33(18)
95.84(17)
95.81(18)

U-N
U-Othf

Nax-U-Neq




11-tBubpy2
1.999(11)
2.090(9)
2.000(13)
-2.651(11)
2.667(11)
2.670(11)
2.619(11)
167.1(4)
95.4(5)
97.5(5)

11-tpy
1.94(2)
1.975(13)
2.11(4)
-2.613(15)
2.536(15)
2.544(14)
169(2)
99(3)
92.1(16)
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4.3.1.2 Computational Analysis of Lewis-Base Adducts
With the large differences in the orientation of these coordination complexes of 11,
we sought to investigate the origin of these structural preferences using density functional
theory. To start, we wished to directly compare the meridional (mer) and facial (fac)
octahedral isomers of 11 and 11-dmap3 and, as ligand lability for the [U(NR)3] system has
been proven to be quite high, additional calculations were performed on both 11-thf2 and
the theoretical 11-dmap2. All calculations were performed at the PBE/ZORA/TZ2P level
of theory.


Geometry optimizations of 11, 11-dmap3 and 11-thf2 are all in agreement with the

experimentally determined structures, and correctly depict the fac-11 and mer-11-dmap3
geometries as the lowest energy conformers (Tables 4.2 and 4.3). The U-N bond distances
and angles for all complexes are quite similar to the experimentally determined structures,
with the largest variation from experiment is seen in the U-L distances, as the calculations
are seen to overestimate the bond distances by approximately 0.1 Å.
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Figure 4.10 Calculated structures of 11, mer-11, fac-11-dmap, and 11-dmap.

Table 4.2. Calculated bond metrics for 11-thf2

Bond
U1-N1
U1-N2
U1-N3
U1-O1
U1-O2
Bond
N1-UI-N2
N1-UI-N3
N2-UI-N3
O1-UI-O2




(thf)2U(NDIPP)3
Expt.
Calc.
Distance (Å)
1.998(5)
1.995
1.974(4)
1.966
2.028(4)
1.977
2.573(4)
2.411
2.698(5)
2.457
Degree
149.48(10)
149.5
108.98(10)
109.0
101.46(10)
101.5
156.99(8)
157.0
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Table 4.3. Calculated bond metrics for the mer and fac isomers of 11 and 11-dmap3

Bond
U1-N1
U1-N2
U1-N3
U1-O1
U1-O2
U1-O3
Bond
N1-UI-N2
N1-UI-N3
N2-UI-N3
N1-UI-O1
N2-UI-O2
N3-UI-O3

Bond
U1-N1
U1-N2
U1-N3
U1-N4
U1-N6
U1-N8
Bond
N1-UI-N2
N1-UI-N3
N2-UI-N3
N4-UI-N6
N4-UI-N8
N6-UI-N8

(thf)3U(NDIPP)3
Expt.
fac
Distance (Å)
1.986(14)
2.006
2.000(16)
2.008
2.010(15)
2.009
2.595(13)
2.699
2.616(13)
2.698
2.618(12)
2.696
Degree
99.7(5)
104.5
99.8(5)
103.0
101.6(5)
102.4
165.9(2)
159.4
162.2(5)
162.4
162.2(4)
161.3
(dmap)3U(NDIPP)3
Expt.
mer
Distance (Å)
2.005(5)
1.988
1.974(4)
2.002
2.028(4)
2.013
2.573(4)
2.607
2.698(5)
2.746
2.555(6)
2.593
Degree
168.33(18)
167.10
95.81(18)
96.60
95.84(17)
96.28
83.66(18)
83.66
166.22(17)
162.22
82.79(18)
82.79

mer
1.955
2.010
1.995
2.534
2.831
2.532
96.76
166.59
96.65
87.61
179.39
87.56
fac
2.012
2.013
2.015
2.720
2.713
2.716
104.14
103.90
103.65
82.74
83.11
83.09




In order to derive the origin for the preferred isomers, the energy decomposition
analysis scheme developed by Rauk and Ziegler was employed in order to break down the
energetic components for the formation of each of the isomers. As we know that rapid
ligand exchange is occurring in solution, it was logical to believe that the energetic minima
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could be derived by studying the formation of the U-L bond from the bis-ligand complexes,
11-thf2 and 11-dmap2. In each case the uranium and free ligand fragments were optimized
separately and the energetics for the formation of either the mer or fac isomers were
derived. The energy of this bond formation ('Ebond) is broken into two parts, the energy of
deformation ('Edef) and the interaction energy ('Eint). The 'Edef describes the energy
required to orient the two fragments into the appropriate position in order to form the U-L
bond. The 'Eint is further broken down into the steric repulsive interactions, both Pauli
repulsive forces ('EPauli) and electrostatic interactions ('Eelst), and the orbital interaction
energy ('Eoi). As can be seen in Table 4.2, for 11, the fac isomer is favored over the mer
isomer by 2.94 kcal/mol, however it is seen that mer-11 is uphill in energy from 11-thf2 by
1.69 kcal/mol. This is not the case for 11-dmap3, as both the mer and fac isomers are
energetically downhill by -4.93 and -3.41 kcal/mol respectively, giving a 'Ebond of only
1.55 kcal/mol. These small barriers between mer and fac isomers and the relatively small
differences in the L3U(NDIPP)3 and L2U(NDIPP)3 complexes suggest very little energetic
preferences for the orientation of the imido substituents.
Unfortunately analyzing the individual contributions to 'Ebond does not reveal
origin for the isomer preference. Not surprisingly the 'Edef for the formation of the facL3U(NDIPP)3 isomers is always higher in energy, as structurally the L2U(NDIPP)3
complexes are more similar to the mer-L3U(NDIPP)3 isomers. However, the 'Eint always
appear to favor the fac-L3U(NDIPP)3 isomers over the mer-L3U(NDIPP)3, and in particular
the 'Eoi indicates better orbital overlap is better for the formation of the fac-L3U(NDIPP)3
isomers for both ligand sets.
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Despite this, we see in the molecular orbital interactions for these complexes show

very little differences in the highest percent 5f orbital contributions to the U-N bonds,
which range from 16 to 20%. While competition for uranium orbital density is still higher
than the [U(NR)2]2+ ion, they appear to remain relatively constant throughout all
complexes. This is evident in the U-N bond orders for 11, 11-dmap3, and 11-thf2 which
remain relatively the same ranging from 2.25 – 2.27. These findings are quite remarkable;
this would suggest that the U-N bond energy does not change when undergoing these
configurational changes, this vastly contrasts the chemistry of the bis(imido) complexes
which show a large energetic driving force for the trans orientation of the imido
substituents, and are indicate that the ITI is not playing a substantial role in the U-N bond
energy of these tris(imido) complexes.20

Table 4.4 Calculated energetic breakdown of the mer and fac isomers of 11 and 11-dmap3.
Kcal/mol
Total E
'Ebond
'Edef
'Eint
'Eoi
'Esteric
'Eelst
'EPauli




(dmap)3U(NDIPP)3
(thf)3U(NDIPP)3
mer
fac
mer-fac
mer
fac
mer-fac
-17632.69 -17635.63
-20689.05 -20687.5
2.94
-1.55
1.69
-1.09
2.78
-4.93
-3.41
-1.52
9.44
12.09
-2.65
8.38
13.5
-5.12
-7.75
-13.18
5.43
-13.31
-16.91
3.6
-12.16
-15.32
3.16
-17.94
-20.35
2.41
4.41
2.14
2.27
4.63
3.44
1.19
-21.51
-27.91
6.4
-34.17
-40.48
6.31
25.92
30.05
-4.13
38.8
43.92
-5.12
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4.3.2 Imido Group Reactivity

4.3.2.1 Oxidation
During repeated oxidation experiments of 18 with molecular iodine (vida supra), it
was found that the formation of 14-DIPP could be noted when an excess of I2 was used,
perhaps the result of further oxidation of 11. To understand this, a stirring solution of 11
was treated with a single equivalent of I2, resulting in the slow lightening of the solution
(Scheme 4.X). Following a ~16-hour reaction period and a short workup, analysis of the
crude reaction mixture by 1H NMR spectroscopy revealed the formation 14-DIPP, along
with a new organic product. Separation of the organic by precipitation of 14-DIPP from
solution, in good yield (89%), allowed for analysis by mass spectrometry and 1H NMR
spectroscopy, which revealed its identity as the bis(2,6-diisopropylphenyl)diazene
(DIPPN=NDIPP). In a similar fashion, addition of a single equivalent of iodobenzene
dichloride (PhICl2) to a stirring solution of 11 in THF, resulted in the analogous oxidation,
with complete conversion to 15-DIPP (86%) over the course of only 15 minutes and
extrusion of half an equivalent of DIPPN=NDIPP, and a single equivalent of both
iodobenzene. The increased rate of reactivity of PhICl2 over I2 is thought to come from the
relative strengths of the two oxidants. The release of one half equivalent of DIPPN=NDIPP
during this oxidation is quite peculiar, and is suggestive of a bimolecular reaction. Given
the lack of any other organic “DIPPN” byproducts being formed in the reaction mixture,
we suggest that controlled release of the organic diazene and not extrusion of the free
nitrene (DIPPN:) to be occurring in solution.
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Scheme 4.2 Oxidation of tetrakis and tris(imido) complexes.

This oxidatively induced bond homolysis is not just applicable to 11. Addition of
single equivalents of I2 or PhICl2 to either 17-Mes, 17-pTol or 17-pOMe results in the
analogous oxidation and formation of the uranium bis(imido) iodide or chloride complexes
respectively (Scheme 4.3). Additionally, analogous oxidation chemistry is seen with the
even weaker U=N bonds in the tetrakis(imido) complexes, as addition of I2 to 20-K results
in the analogous extrusion of half an equivalent of DIPPN=NDIPP and the formation of a
single equivalent of 11 with precipitation of KI from solution (Scheme 4.2).
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Scheme 4.3. Synthesis of 14 and 15 from 17-X.

To push the boundaries of this oxidation chemistry, weak oxidants such as the
diphenyl dichalcogenides (PhEEPh, E = S, Se, Te) were tested. A solution of 11 was treated
with a single equivalent of PhSSPh in C6D6. Analysis of this reaction by 1H NMR
spectroscopy however did not indicate any reaction, with only 11 and PhSSPh present in
solution. However, heating this solution to 60 ºC over a 16 hr period does show the release
of half an equivalent of (DIPPN)2 and the formation of a new species by 1H NMR
spectroscopy assigned as (THF)2U(NDIPP)2(SPh)2 (22) (Scheme 4.4). Four signals could
be identified for the imido functionalities, a large doublet at 1.28 ppm is assigned as the
iPrCH for the two imido substituents with the corresponding iPrCH at 4.46 ppm, while the
two aryl signals can be found at 5.72 and 7.14 ppm corresponding to the p-ArH and m-ArH
respectively. Aryl based protons for the SPh ligands can be found at 6.50, 6.98, and 7.48
ppm, for the p-, m-, and o-ArH’s respectively. Similar to 11 no resonances could be
identified for the bound THF ligands.
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Scheme 4.4 Oxidation of 11 with PhEEPh (E = S, Se).

The analogous reaction with PhSeSePh can be performed in the same manner.
Analysis of this reaction by 1H NMR however only shows partial conversion, with 11 still
prevalent in solution. The reaction with PhSeSePh is seen to progress at a much slower rate
than the PhSSPh reaction, taking over 48 hours to come to completion (50 ºC, benzene-d6)
(Scheme 4.4).

This reaction is quite difficult to analyze however, and not as

straightforward as the reaction with PhSSPh, with numerous unknown decomposition
products

noted

in

the

reaction

mixture.

However,

a

product

assigned

as

(THF)2U(SePh)2(NDIPP)2 (23) could be found in the 1H NMR spectrum. Analysis of 23
performed in CDCl3, due to its poor solubility in C6D6, however the spectrum compares
quite nicely with what was seen for 23. Imido based resonances can be found at 1.15, 4.27,
5.62, and 7.14 ppm for the iPrCH3, iPrCH, p-Ar-H and m-Ar-H resonances respectively.
The aryl based resonances for the SePh substituents could be found at 6.51, 6.78, and 7.24
ppm for the p-, m-, and o-ArH’s respectively.
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Figure 4.11 Molecular structure of 22 with non-carbon atoms at 30% probability ellipsoids.
Hydrogen atoms and outer sphere solvent molecules have been removed for clarity.

Quite interestingly, the corresponding reaction with PhTeTePh does not result in the
formation of U(NDIPPP)2(TePh)2, even after heating and extended reaction time periods.
This would suggest that PhTeTePh is not a sufficiently strong oxidant to afford the
oxidation of the U=N multiple bond, which is possibly the reason for the decreased
reactivity noted with PhSeSePh.
Confirmation of our assignment for 22 was accomplished by analysis of crystals
grown from a concentrated diethylether/THF solution by X-Ray crystallography (Figure
4.11). Refinement of the data set revealed a pseudo octahedral uranium center bound by
two imido substituents, two SPh ligands and two solvent THF molecules. The U=N
distances found in 22 are on the order of those seen in the literature, 1.890(4) and 1.897(4)
Å. The N-U-N bonding angle for 22 is typical for U(VI) bis(imido) complexes, at
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178.13(16)º. The U-S distances for 22 are on the order of those seen by Boncella and
coworkers with their synthesis of a series of (L)U(NtBu)2(SPh) (L = (OPPh3)2 or tBuBpy)
complexes.21

4.3.2.2 Protonation
As we have discussed vida supra, the addition of a single equivalent of NH2DIPP
to 11 resulted in protonation of a U=N bond, ending in the formation of the bis(imido)
bis(anilido) complex 20-H. This protonation is favored as the resulting complex bears the
trans bis(imido) formulism. This suggested to us that addition of alternative proton sources
could result in analogous chemistry. One of the only examples of protonation of a U(VI)=N
bond, involves the addition of a single equivalent of the highly acidic H2OxB(C6F5)3 to
UI2(NtBu)2(THF)2 which results in release of a single equivalent of tBuNH2xB(C6F5)3 and
formation of UI2(O)(NtBu)(THF)2.22,23
In an analogous fashion, we sought the protonation of 11 with H2O, with the hopeful
formation of the bis(imido) mono(oxo) complex (THF)3U(O)(NDIPP)2. In a screw cap
NMR tube with a pierceable top, a single equivalent of deionized H2O was added to a C6D6
solution of 11, and the reaction was monitored by 1H NMR spectroscopy. Upon addition,
immediate formation of NH2DIPP was noted, however, no resonances corresponding to the
formation of the mixed oxo imido were noted. After ~10 minutes, all of the H2O is seen to
be consumed in the reaction, with only a mixture of NH2DIPP, 11, and 20-H noted in the
spectrum (Scheme X). Analysis of the reaction mixture showed formation of a tan solid,
presumed to be UO3, precipitating from the reaction mixture. Repeated attempts at this
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reaction yielded similar results, suggesting that the formation of the first U=O bond
accelerates subsequent reactivity at a single metal center, leaving behind 2/3 equivalents of
11 with loss of a single equivalent of NH2DIPP. Addition of three equivalents of H2O results
in full consumption of 11 and formation of three equivalents of NH2DIPP.

Scheme 4.5 Protonation of 11 with H2O.

Continuing the protonation experiments of 11, HNEt3Cl was selected to test the
reactivity of 11 with alternative H+ sources. Two equivalents of the salt were added to a
stirring solution of 11 in THF, resulting in an immediate color change from brown to a dark
green/brown. Removal of volatiles in vacuo allowed for the isolation of a dark brown solid
and analysis of this residue by 1H NMR spectroscopy show the release of a single
equivalent of DIPPNH2 and the expected 15-DIPP product.
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Scheme 4.6 Protonation of 11 with PhEH. (E = S or Se)

This reactivity can also be applied to the formation of the aryl-chalcogenides,
U(NDIPP)2(EAr)2 (E = O, Ar =tBuPh, E = S or Se, Ar = Ph). Addition of a two equivalents
of 2,6-(di-tert-butyl)phenol (HOtBu2Ph) to a single equivalent of 11 also resulted in
protonation of the U=N bond and formation of the uranium bis(imido) bis(phenoxy)
complex (THF)2U(NDIPP)2(OtBu2Ph)2 (24). By 1H NMR spectroscopy this complex
appears very similar to 22 and 23, with four resonances corresponding to the NDIPP
functionality at 1.51, 3.89, 5.21, and 7.04 ppm, corresponding to the iPrCH3, iPrCH, pArH, and m-ArH respectively. There are 4 resonances corresponding to the OtBuPh
functionality at 1.36 (s), 6.49(t), and 7.54(d) ppm.
Analogously treatment of 11 with two equivalents of PhSH or PhSeH resulted in a
slight yellowing of the solution. Analysis by 1H NMR spectroscopy confirms the release
of a single equivalent of NH2DIPP and the formation of 22 and 23 respectively. While the
synthesis of 23 by oxidation was not synthetically viable, analysis of this reaction by 1H
NMR spectroscopy shows clean formation of 23 with no alternative products noted in the
spectrum. Following a quick recrystallization, isolation of pure 23 could be accomplished
and analysis by 1H NMR spectroscopy confirms our previous assignment.
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Figure 4.12 Molecular structure of 23 with non-carbon atoms displayed as 30% probability
ellipsoids. Hydrogen atom have been removed for clarity.

With a clean synthetic route to its formation, crystals of 23 could be grown from a
concentrated pentane/THF solution and analyzed by X-ray crystallography. (Figure 4.12)
Refinement of the data revealed pseudo octahedral uranium center bound by two imido
substituents, two PhSe ligands, and two solvent THF molecules. The two U=N bonds,
related by a bonding angle of 177.12(12)º, display distances of 1.887(3) and 1.881(4) Å
are on the order of those seen in the literature and those witnessed herein. The U-Se
distances 23 are on the order of those seen by Boncella and coworkers with their synthesis
of (L)U(NtBu)2(SePh)2 (L = (OPPh3)2 or tBuBpy). 21
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This oxidation and protonation reactivity highlights the overall stability of the trans

bis(imido) framework. This is particularly evident in the oxidation chemistry, in which
oxidation of the U=N bond proceeds readily, with formation of the organic diazene product.
To our knowledge, this type of M=N bond oxidation is unprecedented in both the uranium
and transition metal literature.

Table 4.5 Structural parameters for 22 and 23
22

Bond
U-N
U-S/Se
U-O
N-U-N

23
Distance (Å)/Angle (º)
1.890(4), 1.897(4)
1.887(3), 1.881(4)
2.6804(13), 2.6908(14)
2.7993(6), 2.8396(6)
2.468(3), 2.474(3)
2.483(3), 2.490(3)
178.13(16)
177.12(15)

While these oxidation and protonation reactions lead to the formation of the trans
bis(imido) products, 11 is seemingly quite difficult to functionalize, through the addition
of alkyl or silyl halides. For transition metals, functionalization of the M=N bonds is quite
common, even in the analogous tungsten analogue of 11, (Me3P)W(NDIPP)3,24 in which
addition of either MeI or Me3SiI results in addition across a single W=N bond, and the
functionalized products W(NDIPP)2(N(Me)DIPP)I and W(NDIPP)2(N(SiMe3)DIPP)I
have been characterized. 11, however, is unreactive with MeI, or any other alkyl halides
(EtI, PhI, or CH2Cl2), even at elevated temperatures (70 ºC) (Scheme 4.7).
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Addition of Me3SiI does result in a reaction, however, instead of addition across

the U=N bond, the silyl halide reacts with the bound THF, and the formation of the ring
opened silyl alcohol, ICH2CH2CH2CH2OSiMe3 (Scheme 4.7). This THF ring opening is
similar to what is seen for UI4(tppo)2 when exposed to THF, which readily forms the ring
opened UI2(OCH2CH2CH2CH2I)2(tppo)2 product.25 This reaction is catalytic in 11, when
performed in THF and following workup we note no decomposition of the tris(imido)
catalyst. Interestingly, addition of Me3SiCl does not afford the same reaction, and is likely
due to the increased Si-X bond strength between the two. When Me3SiI is added to 11 in
benzene-d6, absent excess THF, the ring opening of all bound THF ligands results in the
formation of a new diamagnetic complex assigned as the dimeric [U(NDIPP)3]2. 1H NMR
spectroscopic analysis of [U(NDIPP)3]2 reveals two sets of DIPP resonances in a 2:1 ratio.
While addition of THF to our proposed [U(NDIPP)3]2 product result in re-solvation and the
formation of 11, attempts at its crystallization have not yielded crystals suitable for XRD.

Scheme 4.7. Reactivity of 11 with alkyl and silyl iodides. (R = Me, Et, Ph)
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4.3.2.3 Imido Group Transfer.
One interesting contrast in the reactivity between low and high valent uranium
imido bonds is their reactivity with organic C=O containing functional groups. One of the
only examples of U(VI) bis(imido) reactivity comes from the addition of PhNCO to
UI2(NtBu)2(tppo)2, in which two multiple bond metatheses across the U=N bond occur,
resulting in the formation UI2(NPh)2(tppo)2 and release of the corresponding tBuNCO.22
Despite the thermodynamic driving force to proceed towards the formation of the U=O
bond, only imido group switching is noted. This was confirmed by computations, which
showed a large thermodynamic barrier of ~28 kcal/mol for the formation of the alternative
UI2(O)(NPh)(tppo)2

product,

while

the

barrier

towards

the

formation

of

UI2(NPh)(NtBu)(tppo)2 being only ~13 kcal/mol is preferred. O-atom transfer to
UI2(NtBu)2(tppo)2 only was proven possible using tBuNCO under refluxing conditions for
an extended period of time.
This reactivity is in contrast to what is seen with low valent U(IV)=N bonds,
highlighted in the reactivity of tBu3Cp2U(NpTol), which undergoes imido group transfer to
the C=O bond of benzophenone forming the monomeric

tBu3

Cp2UO and release of

Ph2C=NpTol.6 Absent the bulky Cp*2U framework,1 it was shown that addition of ArNCO
to the low-valent UCl2(NDIPP)(tppo)2 does not proceed by imido group transfer, and
instead

isolation

of

the

[2+2]-cycloaddition

UCl2(ArNC(O)NDIPP)(tppo)2 was possible.




ț2-N,N’-ureato

product,
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This contrast in reactivity is directly related to the relative bond strengths of

between the U(IV) and U(VI) imido bonds. In order to directly compare the reactivity of
the uranium tris(imido) complexes with that of the mono and bis(imido) analogues, the
ability of 11 to activate organic isocyanates was investigated. Addition of three equivalents
of PhNCO to a stirring solution of 11, resulted in an instantaneous lightening of the solution
followed by the precipitation of a tan/orange solid from the solution. Analysis of the
supernant showed complete consumption of the starting PhNCO with formation of the
asymmetric carbodiimide PhNCNDIPP, supported by infrared spectroscopy, with a NCN
asymmetric stretch at 2141 cm-1, and confirmed by GCMS. This reactivity is consistent
when moving to the alkl isocyanate tBuNCO, which again shows full imido group transfer,
with the asymmetric tBuNCNDIPP as the sole organic product and precipitation of a tan
solid. Analysis of this tan precipitate by IR spectroscopy reveals a large band at 908 cm-1,
significantly shifted from spectra obtained on samples of purchased U(VI) oxide (860 cm1

), and analysis by powder XRD reveal the solid to be amorphous in nature. Further

attempts towards the characterization of the uranium oxide reveal little, except that
afforded oxide product bears solubility properties similar to that of uranium oxide. The
formation of the carbodiimide products, along with the formation of the uranium oxide
product are in line with the U(IV) reactivity and show a preference towards the formation
of the U=O bond.
To expand upon this chemistry, we investigated the ability of 11 to perform imido
group transfer to a number of small molecules. Addition of a single atmosphere of CO2 to
a 0 ºC solution of 11 results in an analogous imido group transfer, with immediate
formation of the organic isocyanate, DIPPNCO, as noted by 1H NMR and IR spectroscopy.
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As a small by product of this reaction, we also note the presence of the homoleptic
carbodiimide (DIPPNCNDIPP) as seen by 1H NMR and GCMS. Highly interesting, is the
reaction of 11 with CS2 resulting in the analogous imido group transfer, with formation of
the isothiocyanate product, DIPPNCS. As the uranium byproduct of this reaction we note
the precipitation of a dark black solid indicative of the formation of US3.(ref) Further
confirmation for the formation of US3 as a byproduct of this reaction is ongoing.


Scheme 4.8. Imido group transfer to C=O and C=S containing substrates.
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Table 4.6. Substrates and products for imido-group transfer.
Entry




Reactant

Product

Entry

1

2

3

4

5

6

7

8

9

10

11

13

12

14

Reactant

Product
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As seen in Scheme 4.8 and Table 4.6, this imido group transfer is applicable to a

large number of organic functional groups bearing the C=O or C=S moiety, including; both
aryl and alkyl ketones/thioketones, aryl aldehydes, and a number of aryl, alkyl, and vinyl
esters, forming the corresponding imine, aldimine, and imidate products. Imido transfer is
also noted for both nitroso (PhNO) and nitro (PhNO2) functional groups as well, forming
the mixed diazene (PhNNDIPP) and mixed diazene-oxide (PhN(O)NDIPP) products,
respectively. However, as determined by GCMS, these reactions with PhNO and PhNO2
show large amounts of both homoleptic diazene products, PhNNPh and DIPPNNDIPP
formed during the reaction. The formation of these complexes is the first indication of rapid
imido exchange with an organic product, much like the PhNCO reactivity seen in the
bis(imido) chemistry.22
The imido group transfer chemistry displayed by 11, is not seen in the chemistry of
U(VI) imido complexes, rather this chemistry more resembles the reactivity of the U(IV)
imido complexes. Much like the chemistry described by Andersen,5 these imido group
transfer reactions likely proceed through the mechanisms shown in Scheme 4.9. This
mechanism envokes first the coordination of the corresponding carbonyl to the uranium
center, followed by the [2+2] cycloaddition leading to the formation of the corresponding
amide product. This is followed by release of the imine product from the oxo complex.
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Scheme 4.9 Mechanism of imido group transfer to ketones.

This imido group transfer chemistry to carbonyl substrates is also displayed by a
number of transition metal imido complexes in the literature. Result from the Chirik26 and
Mountford27 groups have shown that Ti imido complexes are highly reactive towards imido
group transfer to a number of organic substrates. Most relevant to our findings is the
chemistry of high valent Re(VII), in which methyl tris(imido) rhenium, MeRe(NR)3, reacts
with three equivalents of benzaldehyde, resulting in complete imido transfer and the
formation of the methyl tri(oxo) rhenium complex, MeReO3, and three equivalents of the
corresponding aldemine.28
While this imido group transfer chemistry may not be the most synthetically viable
method for the formation of C=N bonds, this reactivity highlights the uranium’s preference
for oxo substituents of when bound by three or more multiply bonded substituents. As
noted by Andersen, this oxygen atom transfer reactivity from carbonyl substituents can
experimentally correlate the differences between the U=O and U=N bond enthalpies. With
bond enthalpy differences between the benzophenone and the corresponding imine of ~ 30
kcal/mol in favor of the C=O bond, the difference in energy between that of the U=N and
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U=O bonds of the tris(imido) and tris(oxo) products must be >30 kcal/mol. This is
consistent with our computational findings (vida supra), which depict higher bond orders
and a larger degree of covalency for the tris- and tetra(oxide) complexes over the tris and
tetrakis(imido) complexes.

4.3.3 [2+2]-cyclo Addition of Alkynes

4.3.3.1 Synthesis and Characterization
One of the few catalytic organometallic transformations witnessed at uranium has
been the hydroamination of terminal alkynes. This chemistry, developed by the Eisen
group in the mid 1990’s, showed that Cp*An(CH3)2 dimethyl complexes are viable
precatalysts towards the hydroamination of terminal alkynes.8,29 While the overall
mechanism of this reaction is far more complex than shown in Scheme X, the catalytic
mechanism follows the same path. The C-N bond formation step is thought to proceed via
the [2+2] cycloaddition of the UN and CC bonds, and formation of an azametallocycle
complex. Confirmation of the azametallocycle species was not accomplished until years
by Andersen and coworkers, with the isolation of tBu3Cp2U[N(Me)C(Me)C(Me)] from the
reaction of

tBu3

Cp2U(NMe)and 2-butyne.4 This mechanism is analogous to that proposed

in the hydroamination chemistry by Group(IV) metals (Ti, Zr) using the same RCp2M
framework.30,31 With the large correlation between the reactivity of U(IV) mono(imido)
complexes and the U(VI) tris and tetrakiskis(imido) complexes that we have previously
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seen, it was hypothesized that these heavily ʌ-loaded complexes might be able to perform
the catalytic hydroamination of alkynes.

Scheme 4.10. Cyclo-addition mechanism for the hydroamination of alkynes.

To begin, we sought to investigate the ability of 11 to perform the [2+2]
cycloaddition with internal alkynes. To this effect, a J. Young NMR tube containing a
single equivalent of 11 was treated with a single equivalent of 1,2-diphenylacetylene
(PhCCPh) in benzene-d6, and the reaction was monitored by 1H NMR spectroscopy.
Immediately a new species is seen to form in solution, displaying with two inequivalent
DIPP functionalities with a peak pattern consistent with the formation of the cycloaddition
product, (THF)3U(NDIPP)2(DIPPNC(Ph)C(Ph)) (25). Given the number of resonances,
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two dimensional correlation spectroscopy (COSY) was used for a definitive assignment. A
large broad singlet at 1.48 ppm, integrating to 24 H, is assigned to two trans iPrMe of DIPP
imido substituents. The corresponding iPrCH signal can be found as a broad multiplet at
4.58 ppm integrating to 4H. A doublet integrating to 4H can be found at 7.67 ppm, and is
assigned to the m-ArH’s of the trans imido groups. A set of doublets at 0.90 and 1.02 ppm,
integrating to 6 H each, are assigned to the iPr-CH3 group of the newly formed
azametallocycle. Each of these doublets are seen to correlate with a single iPrCH signal at
3.94 ppm. Three triplets, integrating to 1H each, located at 5.49, 6.73, and 6.82 ppm are
assigned to the p-ArH’s for each of the aryl rings of the metallocycle. Resonances located
at 7.09, 7.67, 7.69, and 7.91 ppm are assignable to the o-ArH and m-ArH resonances of the
azametallocyle. Three 2H doublets are also found throughout the spectrum at 5.99 ppm and
two overlapping doublets at and ppm, which are assigned to the m-ArH of the enamine
DIPP and the o-ArH of the enamine Ph groups.

Scheme 4.11 Synthesis of 25 and 25-bpy.
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Much like the formation of 20-H, it was found that the formation of the

azametalocycle was reversible, with repeated reactions of 11 and PhCCPh with no change
in the concentration of reactants and products over the course of 74 This reversibility
indicates an operative retro [2+2] addition, with release of the PhCCPh. While this
reversibility is not noted in the chemistry of the U(IV) mono(imido) complexes,
reversibility for transition metals has been noted in the literature between
Cp2Zr[N(R)C(Ph)C(Ph)] and Cp2Zr(NR) (R = 2,6-dimethylphenyl).30 An equilibrium
constant of ~1.9 could be calculated for this system showing preference towards the
formation of 25. However, a definitive equilibrium constant for this reaction is speculative,
as we will discuss shortly. Much like the equilibrium between 11 and 20-H, the equilibrium
was thought to be controlled by the steric pressure of the three THF molecules bound to
the uranium center. To test this, the addition of a three equivalents of DMAP was added to
an NMR tube of 11 resulting in the immediate formation of 11-dmap3 and the release of
free PhCCPh.
While coordinative saturation favors the formation of 11, it was thought that
relieving steric pressure might favor the formation of the azametallocycle. Indeed, addition
of a single equivalent of 2,2’-bipyridine to a solution of 25 resulted in the immediate
formation of the (bpy)U(NDIPP)2(DIPPNC(Ph)C(Ph)) (25-bpy) with no 11 seen in
solution. Analysis of this complex by 1H NMR reveals a similar peak pattern as was
observed in 25, with 16 sharp resonances (Figure 4.13). A sharp doublet at 1.25 ppm,
integrating to 24 H, is assigned to the trans iPrMe of DIPP imido substituents. Similar to
24, the corresponding iPrCH signal can be found as a broad septet at 5.74 ppm indicating
some slow rotation. A set of doublets at 1.16 and 1.57 ppm for the iPr-CH3, integrating to
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6 H each, along with a single iPrCH signal at 4.40 ppm are assigned to the DIPP
functionality of the azametallocycle. A doublet integrating to 4H can be found at 8.32 ppm,
and is assigned to the m-ArH’s of the trans imido groups, while a doublet at 7.63 is assigned
to the m-ArH’s of the azametallocycle DIPP substituent. Three triplets, integrating to 1H
each, located at 4.55, 6.67, and 6.71 ppm are assigned to the p-ArH’s for each of the aryl
rings of the metallocycle. The rest of the signals corresponding to the ArH resonances of
the azametallocycle and the bpy ligand are distributed from 6.92 to 7.52 as overlapping
multiplets.

Figure 4.13 1H NMR spectrum of 25-bpy

Attempting to force the equilibrium between 11 and 25 forward, by treating 11 with
excess PhCCPh resulted in quite a peculiar reaction. Analysis of the crude reaction mixture
by 1H NMR spectroscopy reveals the formation of a highly asymmetric and paramagnetic
complex assigned as 26, characterized by 39 resonances ranging from -22 to 32 ppm.
Repeating this reaction with the addition of 2 equivalents of PhCCPh provides the identical
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complex, absent excess PhCCPh in solution. Given the number and integration of
resonances present in the 1H NMR and the stoichiometry of the reaction we presume the
formation of the paramagnetic 26 to involves two equivalents of the PhCCPh. Even in
stoichiometric and sub-stoichiometric reactions between 11 and PhCCPh, small amounts
of 26 could be detected by 1H NMR, for this reason the equilibrium constant between them
is speculative.
Identical reactivity is seen upon incorporation of smaller alkynes, which
immediately proceed towards the formation of the U(IV) product. For example, addition
of two equivalents of 3-hexyne to 11 results in analogous red coloration of the solution and
immediate formation of the paramagnetic species, 27 (Scheme 4.12). This species, unlike
26, is highly soluble in even low molecular weight solvents, which makes purification quite
difficult. However, it was found that upon addition of a single equivalent of DMAP, a
significant sharpening of resonances of the 1H NMR spectrum was noted, as well as a
significant decrease in solubility suggesting the formation of the DMAP chelate, 27-dmap.
Analysis of the 1H NMR spectrum of 27-dmap reveals an analogous product as 26, with
sharp resonances ranging from -82.50 to 115.01 ppm, and a peak pattern indicating the
incorporation of 2 equivalents of 2-hexyne into the product.
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Scheme 4.12. Synthesis of 26 and 27

To confirm the formation of these U(IV) complexes, crystals of 26 and 27-dmap
suitable for X-ray diffraction were analyzed. Refinement of both data sets revealed the
formation of a uranium (IV) mono(imido) complex, bound by an interesting 1,4-bis(2,6diisopropylanilido)-1,3-butadiene ligand, DIPPN[C(R)]4NDIPP (R = Ph or Et), chelating
through the two anionic nitrogen donors (Figure 4.14). In the case of 27-dmap the
coordination sphere is completed by a single DMAP ligand, while in 26 a small impurity
of KI is found to chelate to the uranium center. Addition of KI into subsequent
crystallization vials resulted in analogous crystals, however no significant change in the 1H
NMR spectrum could be determined. The butadiene ligand backbone of both complexes
display alternating short and long C-C bond distances and are seen to be fixed in an Efashion. U-Nimido distances of 1.992(8) (26-KI) and 2.020(11) (27-dmap) Å, as well as the
U-Namido bonds ranging from 2.362 to 2.419 Å, are on the order of other U(IV) complexes
found herein and in the literature.
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Figure 4.14 Molecular structure of 26-KI (left) and 27-dmap (right) with non-carbon
atoms displayed as 30% probability ellipsoids. Hydrogen atoms have been removed and
carbon atoms have been displayed as spheres for clarity.

These reactions are seemingly consistent for all alkynes attempted, displaying
paramagnetic resonances consistent with the formation of U(IV) mono(imido) complexes
incorporating 2 equivalents of the alkyne into the backbone. The exception to this is seen
upon addition of 2-butyne to 11, and the formation of a new U(IV) complex 28. The 1H
NMR spectrum of 28 displays 32 resonances ranging from -102 to 140 ppm with 18 3H
peaks and 15 1H signals, which, unlike 26 and 27, is more consistent with the incorporation
of three equivalents of 2-butyne.
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Scheme 4.13. Formation of complexes 28 and 28-dmap.

Much like 27, attempts at crystallization of 28 were not successful and did not yield
viable crystals for structural analysis, due primarily to the overwhelming solubility of 27
in common organic solvents. However, in an analogous fashion to 27, addition of a single
equivalent of DMAP to 28 resulted in a far more crystalline product, 28-dmap. Analysis
of 28-dmap by 1H NMR spectroscopy shows a similar but shifted product from 28, this
product displays 18 3H resonances and 15 1H resonances spread from -160 to 123 ppm.
Crystals suitable for X-ray diffraction analysis of 28-dmap were grown from a
concentrated ether/pentane mixture at -35 ºC. Refinement of the data revealed a uranium
(IV) mono(imido) complex with a single DMAP bound, similar to 27-dmap, but chelated
by

an

extended

1,6-bis(2,6-diisopropylanilido)-1,3,5-hexatriene

ligand

(DIPPN(CMe)6NDIPP) (Figure 4.15). The U=N imido distance of 2.029(10) Å, is on par
with 26-KI and 27-dmap. Interestingly however, the orientation of the central “ene” (C43
and C44) of the hexatriene backbone is distorted, with the ʌ-system pointed directly at the
uranium center. The U-C carbon distances of 2.744 and 3.138 Å, are on par with neutral
U(IV) ʌ-type complexes in the series of [((Ad,MeArO)3mes)U-X] (X = F, Cl, Br, I)
synthesized by Meyer and coworkers,32 with U-C bond distances ranging from 2.920 –
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3.011 Å. These complexes are thought to interact with the uranium center in a į-bonding
type interaction, with donation of the ʌ-system into the corresponding 5f orbital. This įbonding interaction in [((Ad,MeArO)3mes)U-X] leads to an elongation of the C-C distances
of the aryl ring (C-Cavg = 1.40 Å), however this characteristic is not noted in 28-dmap
which displays a typical C-C distance for a conjugated ene of 1.364(16) Å.

Figure 4.15. Molecular structure of 28-dmap with non-carbon atoms displayed as 30%
probability ellipsoids. Carbon atoms have been displayed as spheres, and H atoms and
outer-sphere solvent molecules have been removed for clarity.

The formation of 26, 27, and 28 are significant, as a fully characterized U(VI) to
U(IV) transformation are incredibly rare.3 As depicted in Scheme 4.14, we postulate two
plausible mechanisms for the formation of these U(IV) complexes. Starting from 25, Path
A involves another [2+2]cyclo-additions across a second U=N bond, forming intermediate
A which contains two 4-membered azametallocycle rings. A then subsequently undergoes
reductive elimination of the two U-C(sp2) bonds, forming the butadiene ligand. The second
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mechanism follows Path B, in which a single equivalent of alkyne inserts into the U-C
bond of 25, forming intermediate B which contains a six-membered aza-metallocycle. B
then undergoes an metallocycle ring expansion, forming the butadiene ligand. With the
formation of 28 however, which incorporates an additional equivalent of alkyne, we
postulate that path B is likely the preferred route, as a second insertion of alkyne leads to
the formation of inertmediate C, containing an 8-membered azametallocycle ring.
Intermediate C then proceeds through a similar metallocycle ring expansion to yield 28.
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Scheme 4.14. Proposed mechanisms for the formation of 25 - 27.

In the literature there is very little precedent for these types of mechanisms and for
path A we find no precedent in the transition metal literature. For Path B there is only a
single reference to this type of metallocycle ring expansion, involving a Co-carbene
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complex.33 In this paper, addition of a single equivalent of an Į-diazo ketone to a preformed
CpCo-butadiene complex results in the intermediate formation of a Co butadiene carbine
complex, CpCo(CHR)(C(Me)[C(Me)]2C(Me)). This complex is proposed to undergo a
metallocycle ring expansion, similar to that proposed in Path B, to give the Co-heptadiene
metallocycle complex CpCo(CHRC(Me)[C(Me)]2C(Me)).
Confirmation of the U(IV) oxidation state in complexes 26-28 was accomplished
by electronic absorption spectroscopy (Figure 4.16). All complexes show sharp, low molar
absorptivity absorptions throughout the near infrared region of the spectrum, characteristic
of the f-f transitions of U(VI) ions. The UV-Vis region for these complexes are analogous
to 12 and 13, which show a gradual increase in absorptivity approaching higher energy.

Figure 4.16. Electronic absorption spectroscopy for 26 – 28.
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Table 4.7 Structural parameters for 26-KI, 27-dmap, and 28-dmap
26-KI
Bond

27-dmap

28-dmap

Distance (Å)/Angle (º)

U-Nimido

1.992(8)

2.020(11)

U-Namido

2.2.375(6), 2.410(7)

2.362(12), 2.419(12)

U-I

3.1043(2)

--

U-Ndmap

--

2.583(13)

2.029(10)
2.359(9), 2.391(8)
-2.625(9)

4.3.3.2 Catalytic Hydroamination - U(NR)3
With the formation of 25, we sought to test the ability of 11 to act as a
hydroamination catalyst for alkynes. As an initial test, a benzene-d6 solution of 11 was
treated with a was treated with a single equivalent of PhCCPh which, once equilibrated (~5
hours), was treated with a single equivalent of NH2DIPP and analyzed by 1H NMR
spectroscopy. The addition of NH2DIPP resulted in the reformation of 11 with concurrent
release of the hydroaminated product, PhCH2C(NDIPP)Ph (Scheme 4.15).

Scheme 4.15. Protonation of 25.
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With stoichiometric reactions yielding the hydroaminated product, application of

11 towards catalytic processes was attempted. Analysis of benzene-d6 solution of 11 and
with 5 equivalents of both PhCCPh and NH2DIPP by 1H NMR spectroscopy shows only
slight formation of the hydroaminated product (>5%), over the course of 16 hours. Analysis
of the uranium based product shows the formation of 20-H, with only a minor amount of
11 in solution, consistent with the equilibrium described vida supra. This would suggest
that the presence of NH2DIPP hinders the [2+2] cyclo-addition of the PhCCPh and
therefore progression of the catalysis. However, heating this solution to 50 ºC over the
course of 16 hours affords complete consumption of the starting materials and formation
of the hydroaminated product. (Scheme 4.16) Recharging this solution with another 5
equivalents PhCCPh and NH2DIPP, under the same reaction conditions, leads to further
conversion to the product, indicating a living catalyst.

Scheme 4.16 Catalytic hydroamination of PhCCPh with 11.

The proposed mechanism for this transformation is depicted in Scheme X. From
previous studies it has been shown that 11 and 20-H are in equilibrium which favors the
formation of 20-H and limits the amount of 11 available to undergo the [2+2]-cycloaddition
of PhCCPh, to form 25. Upon formation of 25, the protonation of the U-Csp2 bond results
in the formation of a bis(imido) bis(amido) complex. From here there are two pathways;
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the first, which is noted in the stoichiometric reactions, involved the direct alpha
deprotonation of the anilido substituent, with concurrent formation of 11 and the
hydroamination product. The second involves the protonation of the enamine from an
external equivalent of NH2DIPP, and formation of 20-H. This mechanism is similar to the
previously discussed hydroamination mechanism proposed by Bergman.30
Unfortunately attempts at lowering the catalyst concentration to 5 mol% showed
little to no conversion to product. Instead, analysis of the 1H NMR spectrum shows
complete consumption of 11 with formation of 26. This is also the case when using smaller
alkynes, which show complete catalyst deactivation and the immediate formation of the
U(IV) reductively eliminated product, even in the presence of excess amine. Unfortunately,
these U(IV) complexes are not viable catalysts for the hydroamination of these internal
alkynes as treating 25, 26, or 27 with alkyne and NH2DIPP under analogous catalytic
conditions as 11, does result in the formation of the hydroaminated product.
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4.3.3.3 Catalytic Hydroamination – M2U(NR)4
The limited scope of reactivity, as well as the high concentrations of the catalyst
needed, make 11 non-ideal for the catalytic hydroamination of alkynes. However, under
identical reaction conditions, the uranium tetrakis(imido) complexes, 20-Li – 20-Cs, were
found to be highly active for the catalytic hydroamination of internal alkynes. As can be
seen in Table 4.8 (Entries 1-5), all tetrakis(imido) complexes 20-Li – 20-Cs were found to
be catalytically active, showing 58 – 69 %-conversion to product over a 5-hour period.
Despite the spectroscopic differences between these complexes (vida supra), the size of
the cation is seen to make little difference in the activity of the catalyst, no clear trends
noted between the size of the cation and the %-conversion to product. As such, being the
easiest to prepare and the most soluble in a number of organic solvents, 20-Li was used for
the duration of the study. It should also be noted that absence of catalyst, NH2DIPP, or
PhCCPh from the reaction mixture does not result in the formation of the hydroaminated
product under our reaction conditions. Similarly, this reaction is seen to require heat, with
room temperature reactions in THF at identical catalyst and substrate loadings leads to only
12 %-conversion to product over a 72-hour time period.
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Table 4.8 Catalyst (entries 1 -5 ) and solvent dependence (entries 6 – 13) for the catalytic
hydroamination of diphenylacetylene. Conversion determined by GCMS




Entry

Cat.

Conc.

Solv.

Temp.

Time

Conv.

1

20-Li

15 mol%

THF

50 ºC

5 hr.

69%

2

20-Na

15 mol%

THF

50 ºC

5 hr.

58%

3

20-K

15 mol%

THF

50 ºC

5 hr.

65%

4

20-Rb

15 mol%

THF

50 ºC

5 hr.

66%

5

20-Cs

15 mol%

THF

50 ºC

5 hr.

63%

6

20-Li

15 mol%

THF

50 ºC

14 hr.

97%

7

20-Li

15 mol%

Et2O

50 ºC

14 hr.

45%

8

20-Li

15 mol%

toluene

50 ºC

14 hr.

43%

9

20-Li

15 mol%

pentane

50 ºC

14 hr.

46%

10

20-Li

15 mol%

benzene

50 ºC

14 hr.

42%

11

20-Li

15 mol%

DME

50 ºC

14 hr.

97%

12

20-Li

15 mol%

pyridine

50 ºC

14 hr.

8%

13

20-Li

15 mol%

1,4-dioxane

50 ºC

14 hr.

48%

14

20-Li

15 mol%

THF

20 ºC

72 hr.

14%

15

20-Li

15 mol%

THF

50 ºC

8 hr.

86%

16

20-Li

10 mol%

THF

50 ºC

8 hr.

76%

17

20-Li

5 mol%

THF

50 ºC

8 hr.

54%

18

20-Li

1.5

THF

50 ºC

8 hr.

2%

19

20-Li

0

THF

50 ºC

5 hr.

n.d.
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To test the solvent dependence of this reaction, a number of solvents were screened

under identical reaction conditions (Table 4.8, Entries 6-13). While 20-Li is highly active
in a number of both polar and non-polar solvents, reactions performed in more polar
solvents such as THF and DME show a drastic increase in the percent conversion, with
conversion ranging from 43% to 97% over the same 14-hour reaction period. Interestingly
however, when performing the catalysis in pyridine, a drastic decrease in reactivity results,
resulting in only 8% conversion, nearly a quarter of the reactivity seen in non-polar
solvents. This would suggest a possible competition between pyridine and the incoming
alkyne for coordination space at the uranium center. This is plausible given the molecular
structure obtained for 20-Na, which displays coordination of a single THF to the uranium
center.
Once optimized we sought to investigate the scope of alkynes that are viable for
catalysis. As can be seen in Table 4.9, despite the large differences in the size of the alkyne
used, very little variation in the % conversion to product is seen throughout the substrate
scope. Aryl substituted alkynes appear to be slightly more active than alkyl substituted
alkynes, and with slight differences are noted in the size of the alkyl substituent,
Me>Et>iPr. By GCMS we are also able to determine the selectivity for imine transfer,
obtaining either the Markovnikov or anti-Markovnikov products. As is seen in Table 4.9,
20-Li is not readily able to differentiate between Me and Et substituents in 2-hexyne, giving
a product ratio close 45-55, favoring the sterically less hindered approach of the alkyne. A
more significant selectivity between Me and iPr substituents is seen in the reactivity of
MeCCiPr, which again shows a preference towards the AM product in 20:80 ratio.
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Table 4.9 Alkyne scope for catalytic hydroamination of internal alkynes

Entry

Alkyne

M

AM

1

61%

2

61% (45:55)

3

58%

4

53% (20:80)

5

67%

6

71% (0:100)

N

7
Ph




%Conv.(M:AM)

DIPP
SiMe3

65% (0:100)
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Table 4.10 Amine scope for catalytic hydroamination of internal alkynes.
Ph

15 mol% Li2U(NDIPP) 4
THF
50o C
14 hr.

Ph

Entry

Amine

1

NH2DIPP

2

Product

N

NH2Mes

Ph

N

NH2pTol

Ph

N

NH2Ph

NH2tBu
Ph

6

NH2Ad
Ph




0%

tBu
Ph

N

0%

Ph
Ph

N

72%

pTol

Ph

5

%Conv.

Mes

Ph

4

N R

96%

Ph

3

Ph
Ph

+ H2N R

0%

Ad
Ph

0%
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A far more drastic shift in selectivity is noted when analyzing the aryl substituted

alkynes. Selectivity for the formation of AM product in MeCCPh is 100%, with none of
the M product noted in the gas chromatogram. Given the slight steric difference between
iPr and Ph, this is argued to be an electronic effect which favors the formation of the UCbenzyl bond as charge delocalization into the aryl ring stabilized the anion. This effect is
easily overcome however as hydroamination of PhCCSiMe3, shows sole selectivity for the
benzylic position.

Scheme 4.18. Mechanism for the catalytic hydroamination of internal alkynes
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Next we sought to test the scope of amines viable for catalysis, using a combination

of substituted aryl and alkyl amines (Table 410). However, only in the case of NH2Mes is
the formation of the hydroaminated product noted (72% conversion). For both NH2Ph and
NH2pTol none of the hydroaminated product is formed over the course of 14 hours, while
for NH2tBu and NH2Ad only the DIPP incorporated hydroamination product is seen by
GCMS. From a steric point of view this lack of reactivity makes sense, considering our
proposed hydroamination mechanism (Scheme 4.18). In the case of 11, the presence of
NH2DIPP leads to an equilibrium with 20-H, which is not considered to be catalytically
active. For the tetrakis(imido) complexes, the analogous equilibrium between 20 and 21 is
not noted at room temperature and is only observed at low temperatures due to the
increased sterics of the o-iPr substituents. Removal of these bulky o-substituents likely
results in a drastic shift of this equilibrium towards “U(NR)3(NHR)2” and
“U(NR)2(NHR)4” like complexes (Scheme 4.19). Evidence for such complexes is seen in
the work of Hayton and coworkers, who synthesized [U(NtBu)2(NHtBu)4][Li(THF)]2 via
oxidation of the tetravalent U(NHtBu)6][Li]2[LiCl(THF)2]2 with two equivalents of
AgOTf.34

Scheme 4.19. Equilibria between [U(NR)4]2-, [U(NR)3(NHR)2]2-, and [U(NR)2(NHR)4]2-
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Future work on the catalytic hydroamination using the tetrakis(imido) system will

be focused on the incorporation of aryl amines bearing bulky o-substitution, to gauge the
steric requirements for catalytic turnover. In addition, 1H NMR spectroscopic monitoring
will also be performed, with the hopes to derive the overall kinetic profile of the system.

4.4 Conclusion
The chemistry presented above, while quite diverse and seemingly unrelated,
provides a wealth of knowledge about the nature of the U=N bonds in these higher order
imido complexes. Unlike the uranium bis(imido) framework, in which the trans orientation
of the imido substituents is highly thermodynamically favored, we have shown that the
orientation of the U=N bonds of the tris(imido) are somewhat fluid in nature, and can
readily switch in between conformers simply by changing the coordination environment of
the lewis bases surrounding it. We have also shown through the addition of a number of
proton sources, and oxidants, will result in the removal of the third imido substituent and
the formation of the thermodynamically favored trans-bis(imido) complexes. Much like
the chemistry of transition metal and U(IV)mono-imido complexes, the uranium tris and
tetrakis(imido) complexes readily undergo imido group transfer with a number of C=O and
C=S containing organics. Finally we have shown that the polarization of the U=N bonds
in these complexes can lead to productive chemistry, as we see with the catalytic
hydroamination of many internal alkynes. Unlike their U(VI) bis(imido) counterparts, we
have shown that the weakened U=N bonds of the tris and tetrakis(imido) complexes are
subject to reactivity, absent the stability of the inverse trans-influence.
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Harnessing redox activity for the formation of
uranium tris(imido) compounds
Nickolas H. Anderson1, Samuel O. Odoh2, Yiyi Yao2, Ursula J. Williams3, Brian A. Schaefer1,
John J. Kiernicki1, Andrew J. Lewis3, Mitchell D. Goshert4, Phillip E. Fanwick1, Eric J. Schelter3,
Justin R. Walensky4, Laura Gagliardi2 and Suzanne C. Bart1 *
Classically, late transition-metal organometallic compounds promote multielectron processes solely through the change in
oxidation state of the metal centre. In contrast, uranium typically undergoes single-electron chemistry. However, using
redox-active ligands can engage multielectron reactivity at this metal in analogy to transition metals. Here we show that a
redox-ﬂexible pyridine(diimine) ligand can stabilize a series of highly reduced uranium coordination complexes by storing
one, two or three electrons in the ligand. These species reduce organoazides easily to form uranium–nitrogen multiple
bonds with the release of dinitrogen. The extent of ligand reduction dictates the formation of uranium mono-, bis- and
tris(imido) products. Spectroscopic and structural characterization of these compounds supports the idea that electrons
are stored in the ligand framework and used in subsequent reactivity. Computational analyses of the uranium imido
products probed their molecular and electronic structures, which facilitated a comparison between the bonding in the
tris(imido) structure and its tris(oxo) analogue.

A

lthough traditional metal-mediated organometallic and
small-molecule activation reactions involve redox processes
at the metal centre, these reactions can also occur via complexes that bear redox-active ligands, which instead promote
redox changes at the ligand. This versatility has caused a recent
explosion of research1–4 as such ligand frameworks facilitate previously unobtainable5 or unobserved reactivity6. An advantage of
these scaffolds includes their ability to store electrons, allowing
stabilization of formally low-valent metal species that would otherwise not be isolable as the metal oxidation states are increased7. The
reducing equivalents can be accessed for subsequent chemistry,
which suggests such ligands can serve as an electron source or
sink depending on the needs of the metal. Use of these frameworks
creates robust metal–ligand bonds that ultimately prevent unwanted
side reactions.
Our lab has recently adopted this strategy with the report of Cp*U
(MesPDIMe)(THF) (Cp* = 1,2,3,4,5-pentamethylcyclopentadienide),
which is ligated by a pyridine(diimine) ligand (MesPDIMe = 2,6(2,4,6-Me3-C6H2-N=CMe)2C5H3N) (ref. 8). Although this species
appears to have a formal oxidation state of +1, which would be
very unstable, the MesPDIMe actually stores three reducing equivalents
from uranium. Thus, a more accurate description is a uranium(IV)
centre ligated by a [MesPDIMe]3− trianion. On exposure of Cp*U
(MesPDIMe)(THF) to azobenzene (PhN=NPh), these three ligand
electrons, along with one from the uranium centre, cleave the
strong nitrogen–nitrogen double bond, which generates the
uranium(V) bis(imido) complex Cp*U(MesPDIMe)(NPh)2 , supported
by a neutral MesPDIMe ligand. We reasoned that varying the extent
of reduction of MesPDIMe uranium species might provide the
ability to tailor the number of imido functionalities by controlling
the amount of available reducing equivalents. Herein we report
the synthesis of a series of uranium derivatives of MesPDIMe with

varying degrees of reduction, as determined by magnetic and
single-crystal X-ray diffraction studies. Treatment of these compounds with organoazides generates mono-, bis- or tris(imido)
derivatives, depending on the ligand oxidation state of the starting
material. Although transition-metal tris(imido) species are known9–11,
the uranium tris(imido) compounds reported here mark the ﬁrst
of their kind.

Results and discussion
Synthesis and characterization of reduced U-MesPDIMe
complexes. The initial synthetic experiments were aimed at
generating a series of reduced uranium species that exploited the
possibility of varying the degree of reduction of MesPDIMe. The
addition of a single equivalent of MesPDIMe to a toluene solution
of UI3(THF)4 , indicated by an immediate colour change from
dark blue to brown, produced MesPDIMeUI3(THF) (1) in high
yield (91%) (Fig. 1). Crystallographic characterization conﬁrmed
the identity of 1, but poor data quality prevented a bond-distance
analysis to determine the ligand oxidation state (Supplementary
Fig. 9). Instead, variable-temperature superconducting quantum
interference device (SQUID) magnetometry was used to elucidate
the electronic structure of 1. Data collected on analytically pure
samples of 1 over the temperature range 2–300 K show an
appreciable low-temperature magnetic moment of 1.5 μB (2 K),
consistent with a ligand-centred radical doublet12–14, and
supporting a uranium(IV) cation that displays a ligand ﬁeld singlet
ground state (Supplementary Fig. 12, in which data for 2–4 are
also presented). Field-dependent data collected at 2 K show the
onset of magnetic saturation, which achieves a value of 0.85 μB at
7 T, also consistent with a MesPDIMe ligand doublet. Together
these observations support a formal oxidation-state assignment of
Mes
PDIMe––U(IV) for 1.

1
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Figure 1 | Synthesis of compounds 1–7. The MesPDIMe ligand is drawn according to the crystallographic parameters and the predicted electronic structures of
1–7 are also shown. Compound 1 has a uranium(IV) centre with a monoanionic [MesPDIMe]1− ligand that contains a resonance-stabilized radical. Reduced
complexes 2–4 were generated from 1 by sequential additions of KC8. Compound 2 is drawn to show the closed shell, dianionic [MesPDIMe]2− ligated to a
uranium(IV) centre. Compound 3 shown with trianionic [MesPDIMe]3− on uranium(IV) with a resonance-stabilized pyridine radical. Compound 4 contains
tetraanionic [MesPDIMe]4−, shown with a resonance-stabilized anion in the pyridine ring, and a uranium(IV) centre. However, [MesPDIMe]3− supporting a
uranium(III) centre cannot be eliminated as a possible electronic structure. Compounds 2–4 served as reductants towards N3Mes, which resulted in the
formation of imido complexes 5–7. Compound 5 is a uranium(IV) imido that features a neutral MesPDIMe ligand, [MesPDIMe]0, suggesting two stored ligand
electrons are responsible for the reduction. Compound 6 is a uranium(V) trans-bis(imido) compound, also supported by a [MesPDIMe]0 ligand. Three
ligand electrons and one uranium electron were used in the formation of 6. Compound 7 is an unprecedented uranium tris(imido) species that was found
to contain a [MesPDIMe]0 ligand. All electrons stored in the ligand π* orbitals and uranium valence electrons were used in the formation of 7.
Mes = 2,4,6-trimethylphenyl.

Addition of 1 equiv. KC8 (potassium graphite) to a THF or
toluene solution of 1 followed by workup produced
PDIMeUI2(THF)2 (2) as a dark brown/black powder in 82%
yield (Fig. 1). The molecular structure and extent of ligand
reduction in 2 was conﬁrmed by X-ray diffraction analysis of
black crystals grown at –35° C (Fig. 2a). As the U–N bond distances for MesPDIMe change in bond character from dative
(2.5–2.6 Å) to anionic (2.3–2.4 Å) with electron occupation,
they are an accurate gauge for ligand reduction. The U–Npyr distance in 2 of 2.324(9) Å is consistent with this formulation,
which indicates an anionic bond, whereas the longer U–Nimine
of 2.493(7) Å is intermediate of a dative and anionic bond
because of the contribution of resonance structures in which
one imine is reduced and the other is not. The U–N distances
in 2 are shorter than the dative interactions observed for the
neutral ligand in Cp*U(MesPDIMe)(NPh)2 (2.578(5), 2.537(5) and
2.606(5) Å)8, which supports ligand reduction. Comparison of
intraligand structural parameters for 2 with those established for
reduced PDI ligands and free MesPDIMe establishes 2 as containing
a dianionic [MesPDIMe]2− ligand and a uranium(IV) centre
(Supplementary Table 1)7,8,15–18, and thus KC8 reduces MesPDIMe
rather than the uranium cation.
Mes

920

Reduction of 2 was accomplished with 1 equiv. KC8 , which furnished [MesPDIMeUI]2 (3) on workup (Fig. 1). Structural characterization by the analysis of crystals grown from a concentrated THF
solution at –35° C revealed the dimeric structure of 3 in the solid
state (Fig. 2b and Supplementary Table 1). The intraligand distances
(C–Nimine = 1.365(14) and 1.359(14) Å; Cimine–Cpyr = 1.411(15) and
1.390(15) Å) are similar to those in [Na(15-crown-5)(THF)2]
[(iPrPDIMe)Fe(N2)] (C–Nimine = 1.366(3), 1.375(3) Å; Cimine–Cpyr
= 1.405(3), 1.400(3) Å), which contains a trianionic PDI chelate19.
They are also the same, within error, of those reported for 2, and
thus the ligand oxidation state is either [MesPDIMe]2− or
[MesPDIMe]3−. Based on the U–N bond—a more reliable metric
than the intraligand distances—distances of 2.410(9), 2.300(11)
and 2.392(9) Å, which are signiﬁcantly shorter than those in 2
(and the more reliable metric), 3 is likely to contain a
[MesPDIMe]3− ligand18. As such, the structural data for 3 suggest
another ligand-centred reduction from 2 by KC8.
Further reduction of 3 with another equivalent of KC8 generated
[MesPDIMeU(THF)]2 (4) as a black solid in high yield (80%) (Fig. 1).
Compound 4 is stable at room temperature in the solid state for
up to three weeks, up to 16 hours in solution and can be heated
to 50 °C overnight without notable decomposition. Analysis of
NATURE CHEMISTRY | VOL 6 | OCTOBER 2014 | www.nature.com/naturechemistry
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Figure 2 | The molecular structures of complexes 2 through 7 with ellipsoids depicted at 30% probability, as determined by X-ray crystallography.
Hydrogen atoms, selected 2,4,6-trimethylphenyl groups and co-crystallized solvent molecules are omitted for clarity. a, Compound 2 contains a pentagonal
bipyramidal uranium(IV) centre with [MesPDIMe]2−. b, Compound 3 is dimeric, with each uranium(IV) centre coordinated by [MesPDIMe]3−. c, Compound 4 is
also a dimer, with either uranium(III) ligated by [MesPDIMe]3− or uranium(IV) ligated by [MesPDIMe]4−. Both compounds 3 and 4 show η5-arene interactions
with the pyridine ring on the opposing half of the dimer, with U–C distances that range from 2.725(12) to 2.828(12) Å in 3 and 2.707(8) to 2.801(8) Å in 4.
d, Compound 5 is a pentagonal bipyramidal uranium(IV) imido complex with iodine substituents trans to both MesPDIMe and the U=N bond. e, Compound 6
is a pentagonal bipyramidal uranium(V) trans-bis(imido) complex,with a N–U–N angle of 167.0(4)°, with the iodine substituent coplanar with MesPDIMe.
f, Compound 7 is the mer-isomer of the octahedral uranium(VI) tris(imido) complex. The trans-imido substituents are oriented 166.6(2)° with respect to each
other and 96.69(11)° from the equatorial imido.

X-ray quality crystals of 4 (toluene/pentane, –35 °C) (Fig. 2c and
Supplementary Table 1) shows a uranium dimer that crystallizes
on an inversion centre. Each uranium centre is coordinated by
Mes
PDIMe and THF. The U–N distances of 2.305(6) (U–Npyr),
2.427(7) (U–Nimine) and 2.407(6) Å (U–Nimine) are on the order
of those for the trianionic chelates in Cp*U(MesPDIMe)(THF)
(ref. 8) and 3. However, the C–Nimine (1.390(10) and 1.394(10) Å)
and Cimine–Cpyr (1.318(11) and 1.346(11) Å ) distances in
4 are more distorted than those in the trianionic chelates
in Cp*U(MesPDIMe)(THF), iPrPDIMe(LiTHF)3 (ref. 16) or
[Na(15-crown-5)(THF)2][(iPrPDIMe)Fe(N2)] (ref. 19). Given that 4
was synthesized by the reduction of 3, the possibility for
[MesPDIMe]4− in 4 cannot be eliminated. Thus, a series of
uranium complexes supported by the MesPDIMe ligand in multiple
oxidation states was isolated.
Like 3, the monomers of 4 are held together by π interactions to
the ﬁve carbons of the opposing pyridine rings. This bonding motif
is similar to that in uranium–arene compounds20–23 with U–C distances
on the order of those in [(tBuArO)3MesU] (2.719(3)–2.745(3) Å)24
and [Cp*2U]2(μ-C6H6) (2.506(13)–2.733(14) Å)25. The pyridine
nitrogen atoms of each MesPDIMe ligand in 3 and 4 are pulled
from the plane of the ﬁve ring carbons, and donate to the opposite
uranium centre (2.461 and 2.440 Å for 3 and 2.391(9) Å for 4).
The pyridine bonding mode observed for 3 and 4 is reminiscent

of that in [η4-(iPrPDIMe)Al2Et3(μ-Cl)]Fe(η6-C7H8), which has an
(η6-toluene)Fe fragment coordinated to the pyridine ring in an
η4-fashion26.
Synthesis and characterization of uranium imido complexes.
With the series of reduced uranium compounds in hand,
organoazide substrates were used to probe the ability of 2, 3 and 4
to serve as reductants and to undergo U–N multiple-bond
formation. The addition of a single equivalent of N3Mes
(Mes = 2,4,6-trimethylphenyl) to 2 resulted in the vigorous release
of dinitrogen to form the uranium mono(imido) complex
Mes
PDIMeUI2(NMes)(THF) (5) (Fig. 1). The 1H NMR spectrum
of 5 shows a paramagnetically broadened and shifted spectrum
with 14 low-intensity characteristic resonances that range from
−36 to 60 ppm, consistent with the proposed imido product
(Supplementary Fig. 5).
Deﬁnitive characterization of 5 was obtained by X-ray crystallography of suitable crystals grown from a concentrated THF/pentane
mixture at –35 °C (Fig. 2d and Supplementary Table 2), which
showed a pentagonal bipyramidal uranium with the predicted
formula. The U=Nimido distance of 1.984(9) Å agrees with that in
uranium(IV) imido complexes, including Tp*2UNMes (1.976(3) Å)27
and U(NtBu)(I)2(tBu2bpy)(THF)2 (1.931(5) Å)28. The U–NPDI distances range from 2.577(7) to 2.642(9) Å, consistent with dative
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Table 1 | Comparison of U–N bond distances (Å) in 7
obtained from experiment and theory.
Bond
U(1)–N(4) (ax)
U(1)–N(4) (ax)
U(1)–N(6) (eq)
U(1)–N(1) (pdi)
U(1)–N(1) (pdi)
U(1)–N(2) (pdi)

Experiment (Å)
1.992(5)
1.992(5)
2.024(5)
2.553(4)
2.553(4)
2.580(5)

PBE/ZORA/TZ2P (Å)
2.009
2.009
2.040
2.558
2.558
2.563

Ax, axial; eq, equatorial; pdi, pyridine(diimine).

Table 2 | Comparison of the calculated bonding properties of
9 and 7.
Distance
(Å)
9 Axial
1.862
Equatorial 1.885
7 Axial
2.009
Equatorial 2.040

Bond indices
(Nalewajski–Mrozek40)
2.51
2.67
2.18
2.04

Topological
properties (ρ at BCPs)
0.242
0.232
0.165
0.153

For 7, only the bonds with the axial and equatorial NMes ligands are included.

U–N interactions observed for Cp*U(MesPDIMe)(NPh)2 , which
establishes a neutral MesPDIMe ligand, [MesPDIMe]0. This is corroborated by the intraligand parameters, which show distances consistent with Cimine–Nimine double bonds and Cimine–Cpyr single bonds.
By analogy, treating 3 with 4 equiv. N3Mes gave the same effervescence, suggesting the formation of the uranium bis(imido),
Mes
PDIMeUI(NMes)2(THF) (6) (Fig. 1). X-ray diffraction of crystals
of 6 grown from a concentrated THF solution at –35 °C showed a
Mes
PDIMe ligand on uranium with a single iodide and two mesityl
imido functionalities in a trans arrangement (Fig. 2e and
Supplementary Table 2). The U=Nimido distances of 2.011(15) and
2.014(14) Å are slightly longer than those for 5 but on the order
of those in the U(V) bis(imido) complexes Cp*U(MesPDIMe)
(NPh)2 (2.036(5), 1.994(6) Å)8 and U(NDIPP)2Br(Me2bpy)2
(1.977(4), 1.980(4) Å)29. The latter has a N–U–N angle of 166.02
(16)°, very similar to that of 6 (N4–U1–N5 = 167.0(4)°). U–NPDI ,
Cimine–Nimine and Cimine–Cpyr distances are comparable to those
of 5, which indicates a [MesPDIMe]0 conﬁguration.
Finally, treating 4 with 6 equiv. N3Mes again resulted in bubbling
of the solution, and by analogy to the reactivity of 2 and 3, the
product was assigned as the uranium(VI) tris(imido) complex
MesPDIMeU(NMes) (7) (Fig. 1). The 1H NMR spectrum for 7 is dia3
magnetic with 14 sharp resonances for a C2v symmetric product,
indicative of hindered rotation of the trans-imido substituents
(Supplementary Fig. 7). Analysis of crystals of 7 grown from a concentrated THF/pentane mixture at –35 °C by X-ray crystallography
(Fig. 2f and Supplementary Table 2) showed two isostructural
pseudo-octahedral uranium tris(imido) species in the unit cell.
The higher symmetry molecule of 7 is C2v symmetric in the solid
state. The equatorial U–N(6)imido bond has a distance of 2.024(5) Å,
which is slightly longer than the adjacent U–N(4)imido bond of
1.992(5) Å. The shortening of the trans-U–N imide bond relative
to the that of equatorial imido substituent probably results from
an inverse trans inﬂuence (ITI) often observed for high-valent
uranium oxo species30–32. Indeed, our calculations reveal that the
6p atomic orbitals only contain about 5.85 electrons with 0.15 electrons transferred to nitrogen 2p orbitals. U6p → N2p charge transfer
of this magnitude has been suggested by Denning33 and by Larsson
and Pyykkö34 as evidence of the ITI. The trans imidos have a
N4–U1–N4 angle of 166.6(2)°, similar to that in 6, U
(NtBu)2I2(THF)2 (175.4(2)°) and U(NPh)2I2(THF)3 (177.42(9)°),
and the trans and equatorial imido substituents are related by an
922
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angle of 96.69(11)°. The bond lengths for the trans-imido substituents in 7 are longer than those in U(NtBu)2I2(THF)2 (1.840(4),
1.848(4) Å) and U(NPh)2I2(THF)3 (1.866(2), 1.859(2) Å)35, and
can be explained by the equatorial imido substituent competing
for uranium orbitals with neighbouring axial imidos. As with 5
and 6, the U–NPDI and intraligand distances in 7 show dative interactions for [MesPDIMe]0.
Alternatively, complexes 5, 6 and 7 may be synthesized by treating their respective starting materials (2, 3 and 4) with 1,2-bis(2,4,6trimethylphenyl)diazene (MesN=NMes) at elevated temperatures
(30–50 °C) as determined by 1H NMR spectroscopy, but this does
not represent a synthetic route as high yielding as that with
N3Mes. Diazene activation demonstrates that 2, 3 and 4 are
potent reductants towards the strong N=N double bond by
analogy to Cp*U(MesPDIMe)(THF) (ref. 8), [Cp*2UCl(NaCl)]
(ref. 36) and [Cp*2U][(μ-Ph)2BPh2] (ref. 37).
The diisopropylphenyl tris(imido) analogue of 7 was synthesized
by treating 4 with 6 equiv. N3DIPP (DIPP = 2,6-diispropylphenyl)
to form MesPDIMeU(NDIPP)3 (8) in high yield (85%). Similar to
7, compound 8 shows C2v symmetry by solution 1H NMR spectroscopy with hindered rotation of the diisopropylphenyl substituents (Supplementary Fig. 8). The structural parameters of 8 are
analogous to those of 7, with C1 symmetric U–Nimido distances of
1.965(7) (trans), 1.967(7) (trans) and 2.022(8) Å (equatorial)
(Supplementary Fig. 10 and Supplementary Table 2), a trans-bis
(imido) angle of 168.8(4)° and cis-bis(imido) angles of 95.3(4)
and 95.8(4)°. The U–NPDI distances are consistent with a neutral
Mes
PDIMe ligand, as for 5–7.
Analysis of 5, 6 and 7 by electronic absorption spectroscopy provides further support for the oxidation states of the imido complexes. Data collected in THF at room temperature from 300 to
2,100 nm (Supplementary Fig. 11) show that the near-infrared
regions for both 5 and 6 have broad transitions with low molar
absorptivities in the range 800–2,100 nm, consistent with f–f transitions for the respective uranium(IV) f 2 and uranium(V) f 1
centres. As expected, these transitions were absent for the
uranium(VI) f 0 centre in 7.
The formation of the mono-, bis- and tris(imido) derivatives
highlights the role of the redox-active MesPDIMe ligand.
Tetravalent 2, which has [MesPDIMe]2−, undergoes a two-electron
ligand-centred oxidation on the addition of N3Mes to form 5,
giving [MesPDIMe]0 and maintaining the uranium(IV) oxidation
state. For each half of the dimer in 3, oxidation of three electrons
from [MesPDIMe]3− and one electron from uranium generates pentavalent 6. Taking into account the dimeric nature of 3 and the
formation of 2 equiv. 6 supported by [MesPDIMe]0, an overall
eight-electron transfer occurs. Analogous reactivity is observed for
4, with 2 equiv. hexavalent (MesPDIMe)U(NR)3 (R = Mes, DIPP)
generated from 4 in a 12-electron oxidation of uranium and the
PDI chelate.
The monomeric nature and solubility of the uranium tris(imido)
species (MesPDIMe)U(NR)3 in organic solvents are compelling
advantages over binary polymeric systems, such as UO3.
Signiﬁcantly, synthesis of (MesPDIMe)U(NR)3 demonstrates that
three strong π-donor imido ligands can be supported by a single
uranium centre. Such is the case with transition-metal tris
(imides), which have increased reactivity compared to their bis
(imido) counterparts because of the polarization of the strong
ligand-to-metal p(π) to d(π) interactions10,38. Thus, isolation of
the uranium(VI) tris(imido) derivatives will provide insight into
multiple bonding and may offer imido moieties of enhanced reactivity as compared to the uranyl analogues.
Computational analysis of uranium imido complexes. Density
functional theory (DFT) calculations were used to elucidate the
bonding in imido products 5, 6 and 7. The geometries of 5 and 6
NATURE CHEMISTRY | VOL 6 | OCTOBER 2014 | www.nature.com/naturechemistry
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Figure 3 | Visualization of the valence molecular orbitals of 7. a–d, The HOMO-1 (a), HOMO-2 (b), HOMO-4 (c) and HOMO-8 (d) molecular orbitals.
HOMO-1 and HOMO-8 contain π( f ) character in their bonding with the trans-imido groups. HOMO-2 and HOMO-4 are the π(d) orbitals with respect to
the imido functionalities. e,f, HOMO-16 is the axial σ( f ) orbital of the Nimido–U–Nimido unit (e), and HOMO-18 is the σ( f ) orbital of the equatorial
Npyr–U–Nimido moiety (f). HOMO-1, HOMO-2 and HOMO-16 show electron delocalization into the mesityl rings of the imido substituents that is antibonding
with respect to the corresponding uranium–nitrogen π bond. The orbitals in HOMO-16 depict competition for the electron density of the fz3 orbital, which
bonds in a σ fashion to the trans-imido substituents and in a π fashion to the equatorial imido. Orbital plots generated with a contour value of 0.03. Per cent
contributions of the molecular orbitals are shown in Supplementary Table 4.

were optimized at the PBE/ZORA/TZ2P level (see Methods). The
respective U–Nimido bonds in 5 and 6 were calculated as 1.965 Å
and 1.955 Å, both shorter than the experimental values of
1.984 Å and 2.011–2.014 Å. This trend correlates well with the
Nalewajski–Mrozek valence indices39 of 2.38 and 2.40 in 5 and 6,
respectively, and indicates a signiﬁcant triple-bond character. The
trans-imido groups in 6 promote a better 5f orbital overlap than
the single imido ligand in 5. The π( f ) orbitals of the U–Nimido
bond of 6 contain ∼14% 5f and 7–12% 2p contributions from
each nitrogen atom as compared with ∼9% in 5. For the σ( f )
orbitals, there is less 5f/2p overlap in 5 (11%/1%) than in 6
(12%/10–14%), and thus the U–Nimido bond in 5 is weaker
because of the trans iodide that dominates the σ( f ) orbital and
weakens the π( f ) manifold.
Analogous geometry optimizations on the uranium tris(imido) 7
at the PBE/ZORA/TZ2P level were also performed (Table 1). The
calculated structural parameters agree with the experimental data
(within ∼0.02 Å). The Nalewajski–Mrozek valence indices39 of 2.18
(Table 2) indicate a triple-bond character for the trans-U–Nimido
bond, composed of two covalent bonds of predominantly U 5f,
U 6d and N 2p orbitals, similar to that in 5 and 6. Geometry optimization with a relativistic effective core potential and the same functional
results in little change in the calculated structural parameters. The

trans-imido bonds in 7 are weakened with respect to those in 6
because of competition with the equatorial imido for the 5f and 6d
orbitals. This is also seen in the trans-Nimido–U–Nimido σ( f ) bond
orbital (Fig. 3e) in 7, which contains ∼13% U 5f, an 11% 2p contribution from each nitrogen and an 8% 2p contribution from the equatorial nitrogen. Such competition is reminiscent of that between the
uranyl oxo atoms and equatorial hydroxo ligands suggested by
Clark et al.40 and observed computationally41,42. In addition, the
π( f ), π(d) and σ( f ) orbitals of 7 have signiﬁcant delocalization
onto the phenyl group (Fig. 3a–e). The analyses of the canonical orbitals are supported by a natural bond orbital (NBO) analysis. The
U–Nimido covalent bond occupations deviate appreciably from
double occupation (n = 1.75–1.83) with a second-order perturbation
estimate of donor–acceptor interactions, caused by delocalization
into C–C antibonding orbitals on the phenyl group.
The theoretical oxo analogue of 7, (MesPDIMe)UO3 (9), was also
studied. The Nalewajski–Mrozek bond index39 for the trans-U–O
bonds is 2.51, larger than that in 7 (Table 2). Examination of the
bond topological properties obtained from the Atoms in
Molecules43 approach shows that the U–O bonds have greater
density, ρ, at their critical points than the U–N bonds in 7. As
higher ρ values at bond-critical points (BCPs) can be expected to
depict greater bond strengths by signiﬁcant orbital mixing43–47,

NATURE CHEMISTRY | VOL 6 | OCTOBER 2014 | www.nature.com/naturechemistry

ɥ

ǟ ƐƎƏƓɥ !,(++-ɥ4 +(2'#12ɥ (,(3#"ƥɥ++ɥ1(%'32ɥ1#2#15#"ƥ ɥ

923

294

ARTICLES
a

NATURE CHEMISTRY

e

h

c

b

f

NBOs, complex 7
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d
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Figure 4 | Visualization of the valence molecular orbitals of the trans-O–U–O unit of hypothetical tris-oxo uranium (9). a–g, The HOMO-1 (a), HOMO-7
(b), HOMO-8 (c), HOMO-9 (d), HOMO-10 (e), HOMO-11 (f) and HOMO-12 (g) molecular orbitals. HOMO-1 contains signiﬁcant equatorial σ(U–O)
character. HOMO-7, HOMO-8 and HOMO-9 contain primarily π( f ) character. HOMO-10, HOMO-11 and HOMO-12 show primarily U 6d character, with
HOMO-10 and HOMO-12 having π(d) character and HOMO-11 being trans σ(U–O) in nature. Percent contributions are presented in Supplementary Table 9.
h,i, Comparison of the NBOs of the trans-U–N bonds in 7 (h) to the trans-U–O bonds in 9 (i). The colour scheme used for the NBOs is changed to avoid
confusion with the canonical orbitals. The trans-U–N NBOs in 7 are of covalent π character, whereas the trans-U–O NBOs in 9 are of covalent σ character.
These π orbitals in 7 indicate that there is no signiﬁcant covalent contribution to the σ interaction between the uranium and imido nitrogen atoms.
This contrasts with uranium bis(imido) complexes, which have been established to have a higher degree of covalency as compared to their uranyl analogues.
Orbital plots are generated with a contour value of 0.03.

these results indicate a greater covalent character in 9 than in 7, in
contrast to that observed with [UO2]2+ versus [U(NR)2]2+ complexes43. However, the exact correlation between bond strengths in
actinide complexes and calculated QTAIM metrics is still a
subject of signiﬁcant research interest48. The greater covalency in
the U–O bonds most probably results from the equatorial imido
group in 7 competing with the trans-imido groups for uranium
orbitals to a greater extent than for the equatorial oxo in 9.
Although, the U–N bonds lose a complete bond order on conversion to the triple bonds in U–NR from the quadruple bonds in
NUN (Fig. 4a–e)45, our calculations show that the MesPDIMe
ligands and trans-mesityl groups play minor roles as the U–O
bonds in gaseous UO3 are also more covalent than the U–N
bonds of U(NR)3. Finally, the NBO analysis reveals that the transU–N bonds in 7 are supported by π-type orbitals, whereas the
trans-U–O bonds in 9 are supported by σ-type orbitals.
In summary, a series of reduced PDI uranium compounds, 1, 2, 3
and 4, were synthesized by stepwise reduction with KC8. Treating 2,
924

3 and 4 with organoazides results in the corresponding
imido derivatives. In each case, complete oxidation of the PDI
ligand occurs, producing imido species that are supported
by neutral chelates. For 3 and 4, the uranium centres are
also oxidized, which facilitates the isolation of the respective
uranium(V) bis(imido) and uranium(VI) tris(imido) products.
The latter class of compounds are unprecedented for actinide
species and this demonstrates that oxidation of uranium species that
bear reduced redox-active ligands is an effective route to previously
unobserved moieties. These tris(imidos) are monomeric and soluble
in organic solvents, which makes them convenient synthons to
study the molecular chemistry of heavily π-loaded uranium centres
in
analogy
to
transition-metal
tris(imido)
complexes.
Computational studies show that the uranium tris(imido) compounds
show less covalent-bond character in the U–N multiple bonds than in
the U–O bonds in the tris(oxo) analogue. Future studies will focus on
the reactivity of the uranium tris(imido) compounds and their
reduced starting complex, [MesPDIMeU(THF)]2.
NATURE CHEMISTRY | VOL 6 | OCTOBER 2014 | www.nature.com/naturechemistry
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Methods
General considerations. All air- and moisture-sensitive manipulations were
performed in an MBraun inert atmosphere drybox with an atmosphere of puriﬁed
nitrogen. The MBraun drybox was equipped with a cold well designed for freezing
samples in liquid nitrogen as well as two −35 °C freezers for cooling samples and
crystallizations. Solvents for sensitive manipulations were dried and deoxygenated
using a solvent puriﬁcation system by Seca. Benzene-d6 was purchased from
Cambridge Isotope Laboratories, dried with molecular sieves and sodium, and
degassed by three freeze–pump–thaw cycles. MesPDIMe, KC8 and UI3(THF)4 were
prepared according to the literature (see the Supplementary Information). 1H NMR
spectra were recorded on a Varian Inova 300 spectrometer operating at
299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4 , using
1
H (residual) chemical shifts of the solvent as a secondary standard. The spectra for
paramagnetic molecules were obtained by using an acquisition time of 0.5 s, and
thus the peak widths reported have an error of ±2 Hz. For paramagnetic molecules,
the 1H NMR data are reported with the chemical shift, followed by the peak width at
half height in Hertz, the integration value and, where possible, the peak assignment.
Eight complexes were entered into the CCDC database: CCDC 978162 (1), CCDC
978163 (2), CCDC 978164 (3), CCDC 978165 (4), CCDC 978166 (5), CCDC
978167 (6), CCDC 978168 (7) and CCDC 978169 (8).
The all-electron basis-set DFT calculations in this work were carried out with the
ADF 2013 package1. The scalar relativistic zeroth-order regular approximation
(ZORA) approach of van Lenthe2,3 was employed with all-electron (no frozen cores)
Slater-type orbitals of triple-ζ quality with two polarization (TZ2P) functions for
describing all the atoms in the actinide complexes. The Perdew–Burke–Ernzerhof
(PBE)22 density functional was used in these calculations. This level of theory is
denoted as PBE/ZORA/TZ2P in the body of the manuscript. An integration
parameter of 6.0 was employed for all the calculations. Geometry optimizations were
followed by vibrational frequency analyses using the harmonic approximation. The
vibrational frequency calculations were used to determine the nature of the
optimized structures on the potential energy surface. In all cases, the calculations
were continued until tight geometry optimization (energy, 1 × 10−4 Hartree and
1 × 10−3 Hartree Å−1) and energy convergence criteria were attained. NBO analyses
were carried out with the GENNBO 5.W executable. These calculations used the
electronic wavefunction obtained at the PBE/ZORA/TZ2P level.
Preparation of 4 (CCDC 978165). A 20 ml scintillation vial was charged with 3
(0.100 g, 0.065 mmol) and dissolved in toluene (∼10 ml). With stirring, 1 equiv.
KC8 (0.009 g, 0.065 mmol) was added and the solution stirred for 16 hours. The
dark-brown solution was then ﬁltered through a plug of Celite, which was
subsequently rinsed with 2 × 5 ml aliquots of THF. Volatiles were removed in vacuo
to collect 4 as a shiny black powder in quantitative yield. Puriﬁcation of 4 was
accomplished by washing with pentane. 1H NMR (300 MHz, C6D6) δ = −31.81
(s, 18, 4H), −15.75 (s, 15, 4H), −7.50 (s, 21, 1H), −2.67 (s, 14, 6H), 0.85 (s, 8, 6H),
1.90 (s, 9, 2H), 2.79 (s, 8, 2H), 9.37 (s, 8, 2H), 19.63 (s, 16, 6H), 23.19 (s, 11, 6H);
analysis for C62H77N6U2O2 (calc., found): C (52.61, 52.33), H (5.55, 5.44),
N (5.98, 5.84).
Preparation of 7 (CCDC 978168). A 20 ml scintillation vial was charged with 4
(0.250 g, 0.176 mmol) and dissolved in THF (∼10 ml). To this stirred dark-brown
solution was slowly added 6 equiv. Mes (0.170 g, 1.056 mmol), which resulted in the
immediate release of dinitrogen, indicated by effervescence, along with a colour
change to yellow–brown. Volatiles were removed in vacuo and 7 was isolated as a
dark-brown solid (yield, 0.305 g, 0.294 mmol, 83%). Puriﬁcation of 7 was
accomplished by recrystallization from a toluene/pentane mixture at −35 °C. 1H
NMR (300 MHz, C6D6) δ = 1.61 (s, 6H), 1.99 (s, 12H), 2.12 (s, 6H), 2.21 (s, 6H), 2.93
(s, 6H), 4.31 (s, 6H), 4.43 (s, 6H), 5.54 (s, 3H), 6.68 (s, 4H), 7.12 (s, 2H), 7.20 (s, 2H),
7.23 (s, 1H), 7.42 (s, 2H), 8.17 (s, 2H); analysis for C54H64N6U (calc., found): C
(62.66, 62.51), H (6.23, 6.29), N (8.12, 7.98).
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